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Abstract 
This thesis presents a DC-Charged high amplitude electromagnetic radiator. The 
radiator consists of a Half Impulse Radiating Antenna (HIRA) fed by a coaxial Pulse Forming 
Line (PFL), which is charged using a mechanism based on corona currents on floating 
electrodes. The theoretical background, the design process, the construction and the 
experimental characterization of the radiated signals are presented and discussed. A circuit 
model of the corona charging mechanism is proposed and validated.  
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INTRODUCTION 
Since 2006 the Electromagnetic Compatibility Group at the National University of 
Colombia (EMC-UNC) is conducting a research program on radiated intentional 
electromagnetic interference (IEMI), including the study of pulse radiating sources [1]. 
Parallel to these studies, the group has investigated the use of a charging mechanism based on 
corona currents on floating electrodes and its application to different fields of the EMC 
discipline. 
The research conducted in this thesis is intended to connect these two fields of 
expertise, applying the techniques developed in the field of the corona charging mechanism 
into the domain of electromagnetic impulse radiators.  
 
i. Pulse Radiating System 
Several terminologies are used in the context of high-amplitude pulse-radiating 
electromagnetic systems. The term Ultra Wideband (UWB) radiator appearing in the title of 
this thesis was used since a few years back. However, UWB nowadays is essentially used for 
describing a radio-communication technology for personal area networks (standard IEEE 
802.15.4a). To avoid confusion, the generic name of Pulse Radiating System will be used 
throughout this dissertation, even though the term UWB was kept in the title of the thesis.  
 
A typical DC-charged Pulse Radiating System is composed of three main subsystems: 
the primary high voltage source, the pulser or generator (which can be decomposed into 
several subsystems), and the antenna, as illustrated in Figure I 
 
 
Figure I General diagram of a DC-charged Pulse Radiating System 
 
The operation of a Pulse Radiating System is very similar to that of a pulsed-power 
system [2]. A brief description of its functioning can be summarized as follows: 
 
 A high voltage, low energy source charges an energy storage unit (a capacitor or bank 
of capacitors) during a certain period of time. After reaching a specific threshold of 
charge, the stored energy is rapidly delivered into a matched transmission line and 
antenna and then radiated. This process continues, producing a signal with a repetition 
frequency depending on the charging time of the storage unit. 
 The high voltage primary source determines the system maximum theoretical voltage 
of operation. On the other hand, the maximum DC current that can be extracted out of 
the primary source, determines both the energy that can be delivered by the source and 
the charging time of the storage system, and the maximum theoretical pulse repetition 
frequency that can be achieved.  
 The storage system is composed of a capacitor or a capacitor bank. This unit must 
withstand the system maximum charging voltage and offers a low equivalent 
inductance when discharging.  
 The stored energy is discharged into the transmission line through a closing switch.  
The design of this element defines the amplitude and rise-time of the pulse injected 
into the antenna [3]. Most of the systems of this kind use spark gap switches, due to 
 Primary 
Source 
Charging 
System 
Storage 
System 
Switching Transmission 
Line 
Antenna 
Generator 
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the possibility of working with high voltages, high currents and commuting times that 
can be decreased down to the order of hundreds of picoseconds. 
 The impulse is injected into the antenna through a transmission line. The maximum 
transfer is achieved when the characteristic impedances of the antenna and the 
transmission line are matched.  
 The antennas used for the radiation of high-amplitude electromagnetic impulses must 
have, by definition, low spatial and frequency dispersion on the band of the radiated 
impulse [4]. This differs from the antennas that are traditionally used for the 
transmission of broadband CW signals. Moreover, the antenna must withstand the 
produced high-amplitude electric fields, without flashover. The Impulse Radiating 
Antenna (IRA), and its variations, such as the Half Impulse Radiating Antenna 
(HIRA) fulfill these requirements and are widely used in these applications. 
 
ii. Classification of Pulse Radiating Systems and Signals 
A precise classification of pulse radiating systems has been proposed in [5]. The 
classification is based on the percent bandwidth (pbw) and the bandratio (br) of the radiated 
signal: 
 2( )100%h l
h l
f fpbw
f f
   (i) 
 h
l
fbr
f
  (ii) 
where:   
fl and fh are the cut-off frequencies of the spectrum of the radiated signal. 
 
In continuous-wave (CW) applications, the cut-off frequencies are chosen as the -3 dB 
points of the energy spectrum of the signal. However, the spectrum of the signals radiated by 
pulse radiating systems is irregular in form and can contain several peaks and valleys along a 
large range of frequency.  
A different criterion for determining fl and fh is used in the context of impulse radiating 
systems [5, 6]. The cut-off frequencies are defined as the limits of the frequency range in 
which the 90% of the energy is contained. We’ll return on this discussion in Chapter 2.  
Table 1 shows the classification of impulse radiators based on the values pbw and br, 
proposed by Giri in[5]. 
 
Table i. Definitions for bandwidth classification. 
Band type  Percent bandwidth (pbw) Bandratio (br) 
Hypoband or Narrowband < 1% <1.010 
Mesoband 1% < pbw ≤100% 1.010 < br ≤3 
Subhyperband 100%<pbw≤163.6% 3 < br ≤10 
Hyperband 163.6%<pbw≤200% br >10 
 
iii. Outline of The Thesis 
The electromagnetic radiator designed in this thesis includes a high voltage primary 
source, an impulse generator and an antenna [4, 7]. The generator, or pulser, consists of a 
coaxial Pulse Forming Line (PFL), which is DC-charged by corona currents. The antenna is a 
Half Impulse Radiating Antenna (HIRA).  
The choice on the coaxial PFL topology of the generator is based on the easiness of 
fabrication. The use of a PFL avoids the utilization of fast low-inductance high-voltage 
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capacitors. Moreover, the characteristic impedance of the PFL can be naturally matched to the 
input impedance of a (coaxial-input) antenna. However, due to its transmission line nature, 
the main drawback of this pulser is that the peak amplitude of the output voltage is half of the 
charging voltage.  
The details concerning the design of the pulser are presented in Chapter 1. The 
theoretical background and the design criterion of the coaxial PFL are explained. The chapter 
includes discussions on the rise time, pulse repetition frequency, the design and simulation of 
the electrodes. Measurements of the waveform and pulse repetition frequency of the PFL 
charged by a high impedance resistor are also presented and discussed. In the appendix 1.A a 
brief discussion regarding the maximum theoretical energy efficiency achievable by a DC-
charged pulsed power system is presented.  
The HIRA was selected due to its well-known spectral and spatial dispersionless 
response [7]. This antenna is widely used in high-amplitude fast-rise time radiation 
applications. This monopolar version of the Impulse Radiation Antenna (Full IRA) allows the 
direct connection of ground referred pulsers (coaxial for example) avoiding the use of high 
voltage baluns. 
The HIRA is discussed in Chapter 2. The measured radiated field in near and far range 
are compared with the theoretical models. Appendix 2.A presents the design of an adapting 
dielectric lens for the HIRA. Appendix 2.B presents the design and characterization of a 50 to 
100 Ohm tapered adapter for the HIRA. 
The corona charging mechanism consists of the production of corona currents between a 
high voltage electrode and a floating electrode [8]. This mechanism acts as a high impedance 
current source, transferring charges towards the capacitance formed between the floating 
electrode and ground. This method was applied to the charging of the PFL. 
Chapter 3 presents the corona charging mechanism. Measurements characterizing two 
prototypes of pulse generators fed by corona currents are presented. A circuit model of the 
generators is developed. The measurement of the electric field radiated by the HIRA 
connected to the PFL fed by corona currents is presented. 
Chapter 4 presents the conclusions of the work. 
 
As a result of this study, a prototype of an electromagnetic pulse radiator system was 
built and tested. This prototype can be used as a source of IEMI for testing purposes, such as 
immunity, induction on cables, among others. A better understanding of the corona charging 
mechanism was gained in the process, permitting better knowledge and characterization of the 
dynamic behavior of the corona charging mechanism. 
 
iv. Original Contributions 
This thesis presents several original contributions, the most important of which are 
listed as follows. 
 
- A systemic approach on the design of a DC-charged pulse radiator was presented in 
this project. The approach takes into account the main theoretical and practical issues 
regarding the subsystems involved on the design of the radiator.  
  
- A circuit model of the Roman Generator was developed. The model can predict the 
pulse repetition frequency of a pulser charged by corona currents in floating electrodes. The 
developed model could be applied to the study of other problems involving corona currents on 
floating electrodes. 
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-A theoretical expression relating the energetic efficiency of a DC-charged pulser vs. 
the peak amplitude of the output pulse was derived.  An optimal point of operation of the 
pulsed generator was established. 
 
- A dielectric lens for a HIRA fed by a coaxial pulser was simulated and characterized 
in frequency and time domain. As a result, the frequency band of operation, the transfer 
function and the effectiveness of the lens in producing a spherical waveform were determined.  
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1.1. Introduction  
The main function of the generator (or pulser) is to produce a pulse signal which 
will be applied to the focal point of the radiating antenna. Two types of feeding 
mechanisms have been proposed for the HIRA. The first one is the coaxial type feeding 
method, proposed in [1]. This kind of feeding mechanism consists of connecting a 
coaxial cable, carrying the pulse, to the focal point of the antenna. This is achieved by 
opening a circular hole in the ground plane of the antenna, connecting the central 
conductor of the coaxial cable to the apex of the antenna arms, and the coaxial outer 
conductor to the ground plane. The main advantage of this method is that it permits to 
treat the generator and the antenna as independent units. Both devices can be designed 
and tested separately and can be connected together through a properly designed 
interface. Another advantage of this method is the relative simplicity of its construction. 
However, due to the transmission line effect, the peak voltage of the produced pulse 
could reach only half of the charging voltage. 
A second approach for the feeding mechanism is proposed in [2]. It consists of 
placing the peaking switch of a pulse source at the focal point of the antenna. The main 
advantage of this approach is that there are no losses in the peak voltage applied to the 
antenna arms. However, the construction and assembly of such a system are, by far, 
more complicated than those of a coaxial feeding system. 
The feeding method selected for this work is the coaxial one. This chapter 
presents the design, simulation and measurement of a SF6 pressurized Coaxial Pulse 
Forming Line (PFL) generator. 
 
1.2. Design of the Pulser 
One of the aims of this thesis is the design of a corona charged generator based on 
a PFL. We aim at testing the operation of the PFL independently from the corona 
charging mechanism. For that reason the designed pulser is a PFL charged by a high 
impedance resistor. Similar designs can be found in [3], [4], [5]. 
 
1.2.1. Design Parameters  
The main parameters of the generator’s design are summarized in Table 1. 
 
Table 1-1. Design requirements 
Quantity Symbol Min. value Typical value Max. value 
Output Impedance Z’0  100   
Peak Voltage Vp 20 kV   
Rise time rt  600 ps 1.2 ns 
Charging Voltage Vc  50 kV  
Pulse length Tp 2 ns   
Pulse Repetition Frequency PRF 100 Hz   
DC Voltage Source Charging 
current 
IDC   1 mA 
 
1.2.2. Design of the Pulse Forming Line (PFL) 
A PFL consists of a DC charged coaxial transmission line which is discharged 
through a spark gap connected to an output coaxial line and terminated by a load.  
Figure 1.1 illustrates the overall system. 
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Figure 1.1 Pulse Forming line. Similarly to other pulsed power systems, the PFL is composed by a 
primary source, energy storage unit, switch and discharging line and load.  Vdc is the DC-charging 
source,  Rg is the charging resistor, L is the length of the charging line, d is the spark gap distance and ZL 
is the load impedance of length L0.  
 
The sizes of the internal and external conductors of the line depend mainly on the 
desired line’s characteristic impedance and the level of the required electric insulation. 
The characteristic impedance (Z0) of the line can be expressed as 
2
0
1
60
r
rZ ln
r
    
 (1.1) 
where:  
r2, r1 are respectively the radiuses of the external and internal conductor and  
r is the relative permittivity of the dielectric filling the line 
This leads to: 
0( /60)2
1
rZr e
r
    (1.2) 
The breakdown voltage of the line can be expressed as [6]: 
2 189.8 ( ) ( )b
p r rV kV
f
  (1.3) 
where:  
p is the SF6 pressure in bars,  
r1 and r2, in cm and 
 f  is the field enhancement factor which is expressed by: 
2 1
2
1
1
 
r rf
rr Ln
r
    
  (1.4) 
It is worth noting that the final design is also limited by some mechanical 
constraints. At both ends of the line, plastic caps are installed in order to hold the gas. 
This material is Ultra High Density Poly-Ethylene, (r = 2.2). For this reason, at its exit 
point, the impedance of the line is 32% lower than the characteristic impedance of the 
line. 
On the other hand, a metallic pipe constitutes the body of the coaxial external 
conductor. For safety purposes, the pipe should withstand at least twice as much as the 
maximum pressure that is going to be applied to the line. Among the commercially 
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available pipes, a stainless steel tube (r2=30mm, 2 mm thickness), withstanding up to 90 
bars of pressure was selected. 
The characteristic impedance of the generator is Z0 = 100 . At the point of 
connection between the generator and the HIRA the output impedance drops, due to the 
presence of the plastic cap containing the gas inside the cylinder. The output impedance 
is: 
	Z′଴ ൌ 100/√ϵ୰ ൌ 	70	Ω. 
The initial idea was to compensate this mismatching by using an electromagnetic 
lens. The lens was designed and is presented in Appendix 2.A; however, due to budget 
restrictions it couldn’t be constructed, therefore some mismatch between the generator 
and the antenna exists.  
According to equation (1.1) the radius of the internal conductor is: 
0
2
1 ( /60)
5.3
rZ
rr mm
e 
 
    
 (1.5) 
The breakdown voltage between the internal and the external conductor can be 
calculated using equation (1.3): 
1
89.2 
p barb
V kV  ,  10 892 p barbV kV          (1.6) 
Notice that the breakdown voltage is considerably larger than the maximum DC 
voltage applied to the line (which is 50 kV). 
 
1.2.2.1. Electric Length 
According to the transmission line theory presented in [7], the voltage produced 
by a PFL discharged into a load ZL can be expressed as a succession of impulses with 
amplitudes depending on the mismatch between the  load and the line: 
 
              
2
0 0
0 0 0
( ) 1 2 2 3 ...LDC L Lp p p p p
L L L
Z ZV Z Z ZV t H t T H t T H t T H t T H t T
Z Z Z Z Z Z
                     
 (1.7) 
where 
H(t) is the Heaviside step function 
VDC is the DC charging voltage 
Tp is the round-trip transit time of the transmission line defined as: 
  2p
r
LT
c   (1.8)
 
c is the speed of light 
r is the relative permittivity of the line’s filling dielectric 
L is the physical length of the PFL 
 
For the case illustrated in Figure 1.1, ZL= Z0, transforming equation (1.7) into: 
 ( ) 1
2
DC
p
VV t H t T      (1.9) 
This corresponds to a rectangular pulse of duration Tp and amplitude 0.5VDC. 
The duration of the pulse should be greater than its maximum rise time; however 
the longer the pulse, the bigger the amount of DC energy per discharge. Such energy is 
not going to be radiated, because it is the derivative of the applied voltage that 
contributes to the antenna radiation. Moreover the pulse repetition frequency (PRF) 
decreases with the total capacitance of the line, which depends on the length of the line. 
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Considering the above, it was found convenient to use a line of length L=40 cm, which 
produces a pulse duration of: 
2 2.6p
r
LT ns
c     (1.10) 
Detailed discussion on the PRF will be presented in section 1.2.4.  
 
1.2.3. Design of the Spark Gap  
The spark gap switch is one of the critical components of the pulser. The design of 
this element conditions the amplitude and rise time of the pulse.  
 
1.2.3.1. Breakdown Voltage  
The discharge in SF6 is a process depending on the inter-electrode distance and 
the pressure. If the field between the electrodes is considered as uniform, the self-
breakdown voltage (Vbd) can be expressed as [8]: 
 
=0.65+8.85  (kV)bdV pd   (1.11) 
where: 
p is the SF6 pressure in bar 
d is the inter-electrode distance in mm 
 
Figure 1.2 illustrates the breakdown voltage for gap distances varying between 
0.5mm and 5 mm and pressures between 2 and 10 bars.  
 
Figure 1.2 Breakdown voltage (Vbd) vs. gap distance at different pressures in SF6. 
 
1.2.3.2. Pulse Risetime 
The risetime of the pulse depends on the electric field applied to the gap, the 
inductance of the channel and the mobility of the ions in the inter-electrode space. 
According to [9], the total rise time tr  of the impulse is:  
2 2
r L rest t t    (1.12) 
where rest is the e-folding time associated with the resistive part of the discharge and Lt
is the e-folding inductive time. These  can be calculated as follows ([7] and [9]) 
CHAPTER 1. PULSE GENERATOR 6 
 
 
 
L
Lt
Z

  (1.13) 
1 4
3 3
0
88 ( )rest nsZ E

   (1.14) 
where: 
L is the inductance of the channel, 14 nH/cm [7] 
Z is the impedance of the driving circuit connected to the spark gap (Z0) 
is the gas density at pressure p 
0  is the air density under normal conditions 
E is the electric field strength in MV/m, E=Vbd/d (MV/m), assuming a uniform 
electric field on the gap. If the electric field between the electrodes is not uniform, 
an enhancement factor (F), depending on the geometry of the gap, must be 
included in the equation: E=FVbd/d (MV/m) 
 
For SF6, the factor /0 can be expressed as a function of the pressure p (in bars)  
0
5.3p   (1.15) 
According to [10], e-folding times can be converted to 10%-90% rise time using:  
 
(10 90) 1.8res rest t    (1.16) 
(10 90) 2.2L Lt t    (1.17) 
 
And the resulting risetime (10%-90%) can be obtained as: 
2 2
(10% 90%) (10 90) (10 90)r L rest t t      (1.18) 
Figure 1.3 presents the values of the risetime obtained using equation (1.18) for 
different gap distances and pressures. 
A gap distance d=0.5 mm was selected, taking into account the requirements of 
Table 1 and the results of Figure 1.2 and Figure 1.3. 
 
1.2.3.3. Design of the Electrodes 
The electric field between the electrodes of the spark gap should be as uniform as 
possible, in order to assure a uniform wear of the electrode’s surface and a low jitter. 
The method of producing uniform electrostatic fields, using finite-length axis-
symmetric electrodes was proposed by Rogowski in 1929 [11]. Further geometries were 
proposed by Bruce [12] and Ernst [13]. 
All these methods generate electrodes with a profile that assures a uniform electric 
field E=V/d over a certain surface, preventing an enhancement of the electric field at 
some hot spots of the electrode, for example at its center or at the borders (V is the 
applied voltage and d the inter-electrode distance). 
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Figure 1.3 Rise time vs gap distance at different pressures.  
 
The design of the electrodes is described as follows:  
The Rogowski profile is generated by using the Maxwell’s transformation:  
 12 wdz w e       (1.19) 
where  
z x iy       (1.20) 
 (x,y) is the 2-d axisymmetric coordinate system where the profile will be created, 
y being the axis of symmetry. 
d is the inter-electrode distance  
w is a second complex plane, defined by: 
w u iv      (1.21) 
(u,v) is an auxiliary 2-d rectangular coordinate system. 
Let’s assume now two infinite-length parallel plates defined in the w plane. The 
plates are located at the coordinates v=-, v=, u>0. A voltage difference is applied to 
the plates. The equipotential lines for this configuration, within the plates, have the form 
v=const and the electric field lines are u=const, see Figure 1.4. This means that the 
isopotential lines and the electric field lines coincide with the coordinates v and u, 
respectively.  
Plane w can be transformed into the z plane using the transformation (1.19). By 
doing this -and using equations (1.20) and (1.21)- lines u=const, v=const can be mapped 
into the (x, y) plane, leading to: 
  1 cos( )2 udx u e v      (1.22) 
  sin( )2 udy v e v     (1.23) 
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v=
v=-
u=const 
(E-field)u=
v=
v=const
(E-Potential)
u
v
 
Figure 1.4 Electric field lines (u=const) and Electric potential lines (v=const) in an infinite-length 
parallel plate array in w plane. 
 
The mapping of w into z is illustrated in Figure 1.5, for a gap distance d=2 (in 
arbitrary units). This distribution is also valid for any pair of curved conductors, located 
in the z plane, at the curve defined by the mapped trajectory v=±k. In other words, a pair 
of electrodes with a profile (x, ±y) generated taking v=constant in equations (1.22) and 
(1.23), produces in z a field distribution conformal to the field distribution produced by 
the profile (v=±constant, u) in z. 
 
Figure 1.5 Conformal mapping from w to z (Maxwell’s transformation). The v= constant lines are 
in colored in blue, the u=constant lines are colored in black. Some example values of v,u are illustrated in 
red. 
 
Rogowski demonstrated that a value v=±produces a profile in which the value 
of the electric field is maximum between the flat regions of the electrodes and decreases 
as the curvature of the electrodes increases. Therefore a breakdown will occur along the 
homogeneous field region and not in the curved region. This profile is marked in solid 
red lines in Figure 1.5. 
Having these elements in mind, the design of the electrodes can be completed as 
follows: 
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Replacing the value v=±in equations  (1.22) and (1.23) leads to 
  1
2
dx u     (1.24) 
 
2 2
udy e
        
(1.25) 
the electrode is truncated at some point (x=re, y=ye) coincident with the diameter 
of the central conductor of the transmission line; hence, according to equation (1.5): 
 1 5.3er r mm    (1.26) 
The point ye is defined as  
 
2e e
dy l 
  
(1.27) 
where: 
d  is the length of the gap  
le corresponds to the length of the electrode. This value is assumed to be nearly 
the length of the electrode 
 20el mm   (1.28) 
Equation (1.25) can be used to determine the range of u: 
 max log 0.5e
yu
d
          
(1.29) 
 
max
min max 2
x du u  
  (1.30) 
umax and umin being the range of values producing an electrode with the specified 
profile and sizes (re, le). The profile was generated in Matlab ® and is plotted in Figure 
1.6 
The design was tested by performing a 2-d axial-symmetric, FEM electrostatic 
simulation of the assembly, using the software Comsol®. The simulation aims to 
reproduce the conditions at the inter-electrode space before the discharge starts. The 
profiles of the electrodes were imported in Comsol® and the coaxial geometry was 
generated. A potential of +1 V was applied to one of the electrodes, the other electrode 
and the external conductor being grounded. The geometry was truncated by a Zero-
Charge Symmetry boundary condition. The geometry is shown in Figure 1.7. The norm 
of the electric field and the isopotential lines were calculated and are shown in Figure 
1.8 and Figure 1.9 respectively.  
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Figure 1.6 2-d axisymmetric profile of a Rogowski electrode, maximum diameter = 10.6 mm, 
length 20 mm, gap distance 0.5 mm. 
 
 
Figure 1.7 Geometry and Boundary conditions of the simulation performed in Comsol ®. Notice the axial 
symmetrical geometry. 
It can be seen from Figure 1.8 that the electric field is uniform and maximum 
between the flat part of the electrodes and it starts decaying as the electrodes curve. It 
can also be seen from Figure 1.9 that the isopotential lines follow the shape of the 
electrodes, even though some distortion is introduced due to the presence of the 
grounded electrode. This distortion doesn’t affect the uniform field distribution between 
the plates. 
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Figure 1.8 Electric field norm (colors) and direction (arrows). The maximum value of E occurs between 
the flat regions of the plates. 
 
Figure 1.9 Iso potential lines. Notice that the isopotential lines are conformal with the geometry of the 
electrodes. 
The profile of the electrode was imported in the CAD software Solidworks® and 
a solid model of the electrode was generated, as shown in Figure 1.10. The electrodes 
were fabricated using Copper-Tungsten alloy (30% Cu, 70% W) using a CNC machine. 
A picture of the electrodes, before use, can be seen in Figure 1.11.  A picture of the 
electrodes after use can be seen in Figure 1.12. As expected, the discharges occur 
uniformly over a circular-like region of the flat surface of the electrodes. 
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Figure 1.10 Tridimensional model of the electrodes generated in Solidworks® (left). Longitudinal cut 
(right) 
 
 
 
 
Figure 1.11 Rogowski Electrodes in Cu-W, before use. The rule is in cm 
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Figure 1.12 Rogowski electrodes after use. Notice the traces of the discharges distributed over the flat 
surface of the electrodes. 
 
1.2.4. Pulse Repetition Frequency 
 
1.2.4.1. Circuit Model 
The pulse repetition frequency (PRF) of the system can be evaluated by 
considering the circuit model of the pulse forming line, shown in Figure 1.13 
In  Figure 1.13, VDC is the primary high voltage source; Rg is a current limiting 
resistor, CL is the total capacitance of the charging line. An ideal voltage-controlled 
switch is activated when the charging line reaches the breakdown voltage, connecting 
the source to an output transmission line.  
The output transmission line is actually composed of two transmission lines in 
cascade: the first one has the same characteristic impedance of the charging line, and the 
second has lower impedance, due to the change in the permittivity of the medium, as 
illustrated in Figure 1.17 
 
 
Figure 1.13 Circuit model of the PFL. The charging line and the output line are connected by an 
ideal switch. 
 
If the discharging time of the PFL is considered to be smaller than its charging 
time, the gap capacitance is smaller than CL, and the spark gap is considered as an ideal 
switch, the PRF can be defined as: 
 
1
bd
PRF
T

    
(1.31) 
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where: 
 Tbd is the time CL takes to charge up to the breakdown voltage of the spark gap 
(Vbd).  
During the charging phase, the voltage across the capacitor can be calculated as: 
  /1 g Lt R Cc DCV V e      (1.32) 
Hence: 
 DCbd g L
DC bd
VT R C Ln
V V
        
(1.33) 
 1
DC
g L
DC bd
PRF
VR C Ln
V V
         
(1.34) 
The total capacitance of the PFL is: 
 
 0
2
1
2 / * ( ) 32( / )*0.4( ) 12.8LC F m L m pF m m pFrLn
r
         (1.35) 
 
The resistor Rg is designed to limit the short-circuit current of the source to a 
maximum value Imax=1 mA, at the maximum voltage of operation of the source. This 
leads to a value: 
  
50 50
1 1
DC
g
V kVR M
mA mA
     (1.36) 
 
Figure 1.14. Pulse repetition frequency as a function of the spark gap Breakdown voltage, for a 
HV source of 50 kV and Rg=50 M
 
The theoretical values of the PRF vs spark gap breakdown voltage are plotted in 
Figure 1.14.  The range of the PRF is 400 Hz < PRF < 3 kHz 
Some examples of the voltage waveform at the charging line and at the load for 
different values of the spark gap breakdown voltage are presented in Figure 1.15.  
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From Figure 1.15 it can be inferred that the total amount of energy delivered by 
the generator (Et), calculated as the energy per pulse multiplied by the number of pulses 
per second, changes as a function of Vbd.  
It’s interesting to calculate the optimum point of functioning of generator 
regarding Vbd. This task is developed in Appendix 1.A.  
 
Figure 1.15  Voltage at the charging line (top) and voltage at the load (bottom), for different spark 
gap breakdown voltages. Notice the inverse relationship between the breakdown voltage the pulse 
repetition frequency. 
 
 
1.2.4.2. Limitations of the Circuit Model 
The presented circuit model must be used with caution at high PRFs.  As 
mentioned by MacGregor et al. in [14, 15], the pulse repetition frequency in non-
flowing-gas spark gaps is limited by the finite recovery time of the filling gas, a 
parameter that, for the case of a DC charged spark gap, is composed of two phases: 
 
-Removal of residual ionization time: after the arc quenches, some time is needed 
by the gas to eliminate the remaining ions, via recombination or attachment. The 
ion removal time is in the range of tens of microseconds. 
-Recovery of gas density in the switch time: during the discharge, the density of 
the gas at the interelectrodic space is changed by the action of the gradient of 
temperature and the mechanical shock wave produced by the arc. The time the gas 
takes to regain its pre-breakdown density can be up to a few milliseconds, 
depending of the power involved in the discharge. 
 
According to this, the RC circuit model used to determine the charging time and 
the PRF is adequate up to some hundreds of Hertz. The exact value of this limit depends 
on factors such as the type and volume of the gas, the geometry of the spark gap, the 
current, and the breakdown voltage. 
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1.2.5. Pulse Amplitude 
In order to evaluate the effect of the mismatching between the two transmission 
lines at the exit and the load, an ideal (zero risetime spark gap) simulation of the circuit 
presented in Figure 1.13 is performed. The result of the simulation is shown in  
Figure 1.16. The breakdown voltage at the spark gap is set to Vbd=35 kV. It can be 
observed that some reflections are present as a result of the mismatch. However the 
pulse amplitude and its duration are the expected values.  
 
 
 
Figure 1.16 Example of voltage waveform at the load, Vbd = 35 kV. The PFL was simulated using 
LTSPICE®. In this simulation the spark gap is considered as an ideal switch. 
  
 
1.3. Summarized Description of the Final Design 
A general diagram of the design with sizes of the parts and materials used is 
presented in Figure 1.17. Figure 1.18 presents a 3-D view of the generator.  
The plastic part made in Ertacetal H® (P.O.M), closing the charging line at the 
HV side, was designed as a chamber for production of corona currents. However, in this 
topology this container is used only as an insulator; its operation will be described in the 
next chapter. 
The PFL was tested at maximum pressure of 20 bars (of air). No leaks or gas 
escapes were detected.  
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Figure 1.17. Side view and cut view of the generator.  Units are in mm. Electrodes are fabricated 
in Cooper Tungsten alloy, the inner conductor is fabricated in Aluminum, the outer conductor in Stainless 
Steel. The high voltage end cap is fabricated in Ertacetal-H® (P.O.M, or Makrolon)  (r=4.4)., Ground 
end cap is fabricated in Ultra High Density Polyethylene (UHD-PE) (r=2.2).  
 
 
Figure 1.18 3-D View of the generator 
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1.4. Experimental Results 
 
1.4.1. Measurement Setup  
The measurement of pulses in the tens of kilovolts range and with subnanosecond 
risetimes is a difficult task. The accuracy of the measurement relies not only on the 
reliability of the transducer or sensor, but on the degree of “transparency” of the 
measuring setup, i.e. how much the presence of the sensor affects the measured 
quantity. 
At least three measurement setups can be thought of for measuring fast pulses. 
The first one uses a classic resistive system. The current delivered by the generator to a 
resistive load is measured using a Fast Current Transformer (FCT).  
The second measurement system consists of a 100- parallel plate transmission 
line connected at the exit of the generator. The current and voltage pulses can be 
calculated by measuring the generated magnetic field at the center of the line and 
applying the corresponding conversion factor, obtained previously from calibration. 
The third measurement system uses the generator-antenna assembly,  this setup is 
documented in [16]. The antenna feeders are a TEM dispersionless transmission line, 
therefore the applied voltage can be obtained from the magnetic field measured between 
the feeders. The advantage of this technique is that it reproduces more realistically the 
working condition.   If the distribution of the magnetic field (H) inside the line is known, 
the applied voltage (Va) can be calculated using: 
 1 2 3 1 2 3( , , ) ( , , )* aE c c c F c c c V     (1.37) 
 1 2 31 2 3
( , , )( , , ) E c c cH c c c     
(1.38) 
where:  
F(c1,c2,c3) is the distribution of the electric field as a function of the applied 
voltage 
(c1,c2,c3) are the geometric coordinates of the points inside the line. The 
coordinate system can be of any type (rectangular, spherical, etc.), depending on 
the geometry of the line.  
 is the wave impedance within the line. 
 
The electric field at the axis of the TEM-plates transmission is [16]: 
0.77 2( , 0, 0) 0.77
/ 2
a
Avg
VE r F E
D
       
(1.39)
 
where  
D is the diameter of the reflector. 
The coordinate system is spherical, with center at the focus of the parabola and the 
apex of the parabolic reflector situated at the coordinate point (r=F, =0, =0) 
Since the wave is TEM, the applied voltage can be found using: 
/ 2 / 2( , 0, 0) ( , 0, 0)
0.77 2 0.77 2a
D DV E F H r          
  
(1.40) 
The experimental setup is shown in Figure 1.20. The magnetic field is measured 
using a B-dot surface sensor Thomson Mélopée ® 1601, connected to a transducer head 
composed of an active integrator and a fiber optic converter. The fiber optic link 
conveys the signal into a shielded room where the signal is converted back and 
displayed into a Lecroy DSO 9362 oscilloscope. 
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For each pressure, the breakdown voltage of the spark gap can be monitored with 
a high voltage voltmeter connected to the high voltage source.  
Ground 
plane
TEM 
Plates
Parabola’s 
axis
r
Parabolic
reflector
Measuring 
point
r
Measuring 
point
Generator
 
Figure 1.19 Top view (top) and side view (bottom) of the location of the measuring points on the 
HIRA.  
 
1.4.2. Measured Pulse Amplitude and Rise Time 
Figure 1.22 shows two signals measured with this setup.  
In the first case the spark gap pressure was p=5 bar of SF6. As it can be seen, the 
peak amplitude of the output signal is 10.5 kV. Note that the measured breakdown 
voltage at the spark gap being 23 kV, the expected voltage out of the transmission line 
should be 11.5 kV. 
In the second case, the spark gap pressure was increased to p=10 bar of SF6. The 
measured peak amplitude of the output signal is 21 kV. The measured breakdown 
voltage at the spark gap in this case is 44.5 kV, corresponding to an expected voltage 
out of the transmission line of 22.5 kV. The difference is almost the same (in 
percentage) for all the pressures at the spark gap, and can be due to a mismatch existing 
at the connection point between the antenna and the generator.  
The full width at half maximum (FWHM) of the pulse is 4 ns, which is longer 
than the 2.7 ns expected length. This effect appears when the rise time and decay time 
of the pulse forming line are comparable to the electric length of the PFL [6]. 
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Figure 1.20 Experimental setup. The magnetic field produced by the impulse inside the transmission line 
is measured with a B-dot, the signal is transmitted by fiber optic to an oscilloscope inside a shielded room 
 
 
 
Figure 1.21 Measured output pulse. The pressure at the spark gap is 5 bar. The 10% – 90% rise time is 1.3 
ns. After including the correction factor from the B-dot, the resulting rise time is 1.25 ps.   
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Figure 1.22 Measured output pulse. The pressure at the spark gap is 10 bar. The 10% – 90% rise time is 
700 ps. After including the correction factor from the B-dot, the resulting rise time is 630 ps.   
 
The measured breakdown voltages and corresponding rise times for different 
pressures are shown in Figure 1.23.  On the same figure, the theoretical values given by 
equation (1.18) are also plotted. As it can be seen, measurements and theoretical values 
are in reasonable agreement.  
 
 
Figure 1.23 Measured and theoretical rise time for different pressures. Both signals are in acceptable 
agreement.  
 
1.4.3. Measured pulse repetition frequency.  
The pulse repetition frequency (PRF) as a function of the applied voltage was 
measured using the same experimental setup described in Figure 1.20. The PRF can be 
obtained as the inverse of the charging time (Tbd), hence the time between pulses. This 
value was measured using the multi-triggering mode of a 9362 Lecroy oscilloscope. 
This mode permits the detection of short duration signals (nanosecond pulses) separated 
by time intervals of long duration (milliseconds off-time).  
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Due to the statistical behavior of the discharge in self-breaking spark gaps, the 
value of Tbd can change slightly between shots; we computed the mean value of a set of 
32 pulses and its respective dispersion, for each value of the applied voltage.  
 
 
Figure 1.24 Measured and theoretical Pulse Repetition Frequency vs Applied Voltage. The breakdown 
voltage is 9 kV.  
 
Figure 1.25 Measured and theoretical Pulse Repetition Frequency vs Applied Voltage. The breakdown 
voltage is 14 kV. 
 
The PRF vs the applied voltage was measured for two 2 different breakdown 
voltages, Vbd =9 kV and 14 kV. The range of applied voltage was 10 kV to 15 kV, and 
15 to 20 kV respectively. 
The mean value of the measured PRF and the expected theoretical values 
(equation (1.34)), for each case, are presented in Figure 1.24 and Figure 1.25. The 
bounds of the standard deviation of the measured PRF are indicated by error bars 
As it can be seen, the expected and measured values are in agreement up to 
PRF=1 kHz, approximately. From this value on, the PRF is lower than the value 
predicted by the RC circuit model theory developed in Section 1.2.4.1. This difference 
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appears when the charging time Tbd and the recovery time of the spark gap are in the 
same range of magnitude, as explained in Section 1.2.4.2. 
 
1.5. Conclusions 
In general terms, the designed and realized PFL works as expected. Rectangular 
pulses of up to 21 kV and rise time of 700 ps were measured. The measured rise time is 
in good agreement with the theory.  
The pneumatic system (seals, valves, hoses, gauges, regulators) works well. No 
leaks were detected in the system. 
The measurements show that some internal reflection occurs at the exit of the 
generator. This is due to the fact that a double change of impedance occurs at the exit of 
the coaxial: from 100  in the coaxial (filled with gas) to 70  in the section where the 
coaxial is filled with Polyethylene and then back to 100  at the input of the antenna. 
As it was mentioned before, the idea at the beginning of the project was to make a 
smooth transition from the coaxial to the HIRA using an electromagnetic lens. However 
the lens was designed but couldn’t be built during the development of the present 
project (see Appendix 2.A).  
The maximum voltage produced by the high voltage source is 50 kV. However, 
the PFL can work at higher charging voltages. The SF6 pressure can be increased up to 
15 bars, producing pulses of higher amplitude and, possibly, lower rise time. 
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1.6. Appendix 1  
 
Energy per pulse vs. pulse repetition frequency. 
 
 
Considering Figure 1.15, it could be said that the total energy delivered by the 
generator may change as a function of the PRF. In order to establish the optimal 
operating point of the generator, from the point of view of the total energy delivered per 
second, the following procedure has been proposed. 
 
The energy delivered per pulse can be expressed as: 
 2
1
2p c L b
E E C V 
   
(1.41) 
where: 
 Ec is the electrostatic energy stored by the PFL capacitance prior to the shot,  
Ep is the energy per pulse,  
Cl is the capacitance of the PFL 
Vbd is the peak amplitude of the pulse  
 
Figure 1.26 shows the relationship between Ep and Vbd for the case presented in 
this Chapter.  
 
 
Figure 1.26. Energy per pulse vs spark gap breakdown voltage. 
 
Now, let’s consider the total amount of energy per second (Et) as the sum of the 
energy associated with all the pulses during 1 second: 
 
1
1 secNt p pnE E PRF E      (1.42) 
where N is the number of pulses per second. 
Replacing equation  (1.34) and (1.41) into equation (1.42) leads to the following 
expression: 
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2 20.5 0.5bd L bd
t
DC DC
g L g
DC bd DC bd
V C VE
V VR C ln R ln
V V V V
              
(1.43) 
 
Figure 1.27 shows the variation of the total energy as a function of the spark gap 
breakdown voltage, using (1.43). It can be seen that an optimal operating point exists 
when the breakdown voltage is set to Vbd=35.7 kV. 
 
Figure 1.27. Total energy per second vs. spark gap breakdown voltage. Notice the optimum point 
at Vbd=35.7 kV 
 
An analytical expression can be found for determining the optimum point of 
operation by setting the first derivative of Et to zero:  
0
b opt
t
b V V
dE
dV 
   (1.44) 
 
 
2
2( ) 1
4 1
bd
bd bd bd DC
DCt
bd bd
bd DC
DC
VV V V V Ln
VdE
dV VR V d V Ln
V
                   
(1.45) 
 , 0.7153bd opt DCV V   (1.46) 
 
This value coincides with the result inferred from Figure 1.27 
It is important to notice that equation (1.46) gives the ratio Vbd/VDC maximizing 
the total energy deliverable, for a configuration where CL and Rg are given. However, as 
can be seen from equation (1.43), the maximum value of Et depends on the DC energy 
that could be extracted out of the primary HV source under full load condition:  
  
2/ 2
1secDCg
g
V
E
R
 
  
(1.47) 
VDC=50 kV 
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Rg=50 M 
Leading to: 
 12.5gE J  (1.48) 
It can be concluded that at the optimal operating point, the ratio between the total 
energy and the “available” energy at the source is: 
 82%tOpte
g
E
E
  
 
(1.49) 
This doesn’t mean that 18% of the energy is wasted; it means that only 82% of it 
can be extracted out of the source. 
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CHAPTER 2 
 
2. HALF IMPULSE RADIATING ANTENNA 
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2.1. Introduction 
The Impulse Radiating Antenna (IRA) was presented by Baum in  [1]. This device 
has been used to produce impulse electric fields in several applications, such as 
immunity testing and ground penetrating radar. 
The IRA consists of a parabolic reflector illuminated by two TEM Horn feeders 
connected to an impulse source. The feeders are connected to the reflector by a set of 
matching resistors. 
A modified version of the IRA, called Half IRA, uses a half parabolic reflector 
and two half TEM Horns over a ground plane, producing a “monopolar” version of the 
full IRA. One of the advantages of the Half IRA is that it avoids the use of high voltage 
baluns.  
Figures 1, 2, and 3 present the geometry of the antenna. 
The description of the antenna and design considerations are presented hereafter.  
 
 
Figure 2.1 Half IRA Antenna 
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Figure 2.2. Half IRA, side view 
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Figure 2.3. Half IRA, front view 
2.2. Theoretical Background 
The IRA has been modeled using two different approaches.  
The first method of analysis is based on the theory of electric field produced by 
radiating apertures, presented by Baum in [1] and [2]. Farr complemented Baum’s 
studies by explaining the behavior of the prepulse signal in [3]. Finally, Giri and Baum 
completed the modeling by analyzing the Feed-plate diffraction and the diffracted fields 
from the reflector edge [4]. Further improvements in the design of the IRA where 
proposed by Tyo in [5]. This group of publications constitutes a model, called here the 
Baum’s model, permitting the calculation of the radiated far field on boresight, as a 
function of the pulse voltage applied to the apex of the TEM feeders. 
Using a different approach, Mikheev et al [6] presented a model for calculating 
the radiated electric field at any distance from the antenna. This is achieved by 
considering the response of the IRA as the combined response of the TEM feeders and 
its reflected image in a parabolic mirror.  
Baum’s model and Mikheev’s model converge in the far field region. 
 
2.2.1. Baum’s Model 
2.2.1.1. Main Pulse Radiation 
The theory of radiation from apertures presented in [1] analyses the electric field 
Er(r,t)  radiated by a specified field distribution (Et) tangential to an aperture area A in 
(x,y).  
It has been demonstrated that, if Et is a uniform wave function with a step-like 
temporal response (Et=E(x,y)u(t)), the radiated electric field in boresight, at a distance r 
of the plane is: 
 0( , / )( , ) ( , ) ( , / )
2 2
a
rad a
A
r t r c E AE r t E x y dA r t r c
rc rc
  
  
  (2.1)
 
where a(r,t) is a modified r,t function (a is defined in order to fulfill limited 
energy constrains [2]). The area of a is unity, its peak magnitude is proportional to r, 
and its width is proportional to 1/r: 
 ( , ) 1a r t dt



       (2.2)
 
 lim ar         (2.3)
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It was demonstrated in [2] that the same equation (2.1) can be used to calculate 
the electric field radiated by a Full IRA, in the far field. The electric field produced by 
the coplanar plates TEM feeders in a plane in front of the parabolic reflector can be 
treated as a 2-D problem by performing a stereographic projection of the TEM feeders 
onto the aperture plane. The resulting geometry is then solved using conformal mapping 
[7]. Now, instead of performing an integral on the aperture, as done in Equation (2.1), a  
contour integral is performed around the aperture. This is particularly convenient when 
calculating apertures with non-uniform illumination or blockages. 
By doing this, the field Et can be expressed as the gradient of a complex potential: 
 
 0 ( )( , ) V dw zE x y
u dz
       (2.4) 
where: 
 z x jy       (2.5) 
 ( ) ( ) ( )w z u z jv z       (2.6) 
 g
uf
v
       (2.7) 
u gives the electric potential 
v gives the magnetic potential  
u is the change in u from the first conductor to the second 
v is the change in v around one of the conductors 
 
The radiated electric field in boresight can then be calculated using [7]: 
 0( , ) ( / )
2
a
rad a
g
V hE r t t r c
r cf
     
(2.8) 
where the effective height ha is defined as:  
 1( , ) ( )
a
g
a y
A C
f
h E x y dA v y dy
V v
          (2.9) 
in which  
A is the area not blocked by the TEM feeders and  
Ca is the contour corresponding to this aperture. 
 
Now the problem reduces to finding the function w(z) for this case (Full IRA with 
4 arms) and performing the contour integral in Equation (2.9). This was done by Farr in 
[7]. The mapping function is: 
 
1 1/4( ) ( )w z sn jm z     (2.10) 
where 
m is a geometrical parameter related to the projection of the TEM feeders onto 
the aperture plane (see Figure 2.4) calculated as:  
 
2
1
2
2
bm
b

   (2.11) 
and  
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( )
120 2 (1 )
TEM
g
Z K mf
K m      (2.12) 
where  
K(x) is the elliptic integral of the first kind [8]: 
   
π
2
2
0
dθK m  
1 msin θ      (2.13) 
sn(u) is the Jacobian elliptic function [9]: 
 
2 2 20
( ),         
(1 )(1 )
t dtt sn u u
t t k
     (2.14) 
Replacing (2.10) in (2.4) the expression for the effective height ha (2.9), reduces 
to [7]: 
 
 
1/4
12 11 sin
2 (1 )2 2 1a
D m mh
K m m


          
    (2.15) 
where: 
D is the diameter of the parabolic reflector. 
 
Figure 2.5 illustrates the variation on the effective height vs m for a reflector with 
diameter D=1 m. 
In the limit case, when b1 tends to b2 (and m tends to 1) ha tends to: 
1
lim
2 2am
Dh     (2.16) 
and Erad(t,r) becomes:  
 0( , ) ( / )
24rad ag
V DE r t t r c
r cf
     
(2.17) 
Taking the instant when the wave enters the apex of the TEM feeders as the reference 
t=0, and r=0 as the point where the apex is located, Equation (2.17) transforms to: 
  
0 2( , )
24rad ag
V D F rE r t t
r c ccf

       (2.18) 
 
The term 2F/c corresponds to the wave traveling time from the apex to the reflector 
and back to the apex. 
 
2.2.1.2. Pre-Pulse Radiation 
An observer located at a distance r from the focal point in boresight, receives the 
main pulse at a time t=(2F+r)/c. Before this instant, the observer sees a prepulse signal 
corresponding to the radiation directly emitted from the apex. 
Using a reverse stereographic projection, Farr et al [3] computed the magnitude of 
the prepulse signal produced by a step voltage at the focal point as: 
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(2.19) 
where:  
u(x) is the Heaviside step function 
2 is one of the aperture angles of the plates, as can be seen in Figure 2.13 
 
In the case when b1 tends to b2: 
 0Pr
1 2( , )
224rad e g
V D r r FE r t u t u t
r F c c cf
                     
(2.20) 
It can be seen from Equation (2.20) that the prepulse signal corresponds to a 
square pulse of duration 2F/c. Notice that the prepulse and the impulse are opposite in 
sign.  
b2
b1
D
 
Figure 2.4 Projection of the coplanar plates TEM feeders onto the aperture plane 
 
 
 
 
Figure 2.5 Effective height vs m for a reflector with a diameter of 1 m 
 
CHAPTER 2. HALF IMPULSE RADIATING ANTENNA 34 
 
. 
 
2.2.1.3. Diffraction from the Feed Plate and From Reflector Edge 
After the main pulse, a post pulse signal arrives to the observation point 
(t>(r+2F)/c). It corresponds to the electric field diffracted from the plate’s edge 
(EDif1(t,r)), from the plates (EDif2(t,r)) and from the rim of the reflector (EDif3(t,r)). Giri et 
al [4] calculated these fields and their expressions are given as follows 
 
 01
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1 1 2 2 2
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V a r FE u t
r ct r F c c 
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(2.21) 
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(2.22) 
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                    (2.23) 
 1 2 3( , ) ( , ) ( , )DiffTotal Diff Diff DiffE E t r E t r E t r      (2.24) 
where 
0 is one of the aperture angles of the plates, see Figure 2.13 
c = 1.78… is the exponential of Euler’s constant 
ae is the equivalent radius of the plates 
 
2.2.1.4. Total Radiated Field 
Taking into account the prepulse, main pulse and post pulse, the total field 
radiated in boresight, for the limit case when b1 tends to b2 is: 
 
 
2 2( , ) ( , )
24 2rad Diffg
D F r c r r FE t r t u t u t E t r
c c F c c crcf

                              (2.25) 
 
The radiated electric field in Equation (2.25) has been calculated considering a 
feeding step voltage with zero rise time (V(t)=Vou(t)). In real applications, however, the 
feeding voltage has a finite rise time; therefore Erad(t,r) becomes: 
 
 
2
2( , ) ( , )
24 2rad Diffg
F rV t
D c r r Fc cE t r V t V t E t r
t F c c crcf
                               (2.26) 
where:  
V(t) is the voltage driving the antenna.  
 
In general, one is more interested in the prepulse and main pulse parts of Erad(t,r). 
The postpulse corresponding to the diffracted field is, as general rule, not considered: 
 
 
2
2( , )
24 2rad g
F rV t
D c r r Fc cE t r V t V t
t F c c crcf
                            
 (2.27) 
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Equation (2.27) is only valid in the far field range, which starts at the distance 
[10]: 
 
2
min 2 d
Dr
ct
    (2.28) 
where: 
td is the 10-90% driving voltage risetime 
 
The main drawback of Baum’s method is that it can be only applied in boresight 
and for distances greater than the rmin 
 
2.2.1.5. Figure of Merit of an Ira 
A convenient figure of merit for an impulse radiating antenna is the Vfar value. It’s 
defined as [10]: 
 ( )( )far radV rE peak V   (2.29) 
 
where: 
r is in the distance of the observation point located in the far field range and 
Erad(peak) the corresponding field peak. 
 
If only the impulse part of equation (2.27) is considered, Vfar can be expressed as: 
 
 
 max 0( ) ( )
4 2 4 2far rad dg g
V t VD DV rE peak V
t tcf cf 
        
(2.30) 
In the case of a Half Impulse radiating antenna, a factor of 0.5 must be included in 
equation (2.30) [11]: 
  
 max1( )
2 4 2far rad g
V tDV rE peak
tcf
          (2.31)
 
However, the input impedance of the HIRA is half of the input impedance of the 
full IRA, therefore, the factor fg is divided by 2 and Vfar is the same for a HIRA and a 
IRA having the same dimensions and pulser. 
 
2.2.1.6. Example of Radiated Fields 
Let’s consider the following example implementing the Baum’s model. 
A typical waveform for the driving voltage is a double exponential-like 
waveform. Giri in  [12] specifies a more convenient model of this waveform: 
/
0
/
0
0.5 0
( )
1 0.5 0
d
d
t t
d
t t
d
t
V e erfc t
t
V t
tV e erfc t
t






                                (2.32) 
 
where  
erfc(x) is the complementary error function 
tf  is the exponential decay time 
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td  is the exponential rise time 
 
d
f
t
t
 
      
(2.33) 
 
V(t) in (2.32) is derivable and its Fourier transform is given by: 
 2
0 4( )
dj t
d
d
V tV e
j t
 
  

     (2.34) 
 
Typical parameters of a voltage driving an IRA can be of this order of magnitude: 
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This waveform can be applied to a Full IRA with the following characteristics: 
2
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200 / 377g
D m
F D
f



 
 
The resulting radiated field at a distance r=20 m is illustrated in Figure 2.6 
 
 
Figure 2.6 Driving voltage (top), Electric field at R= 20m (bottom), calculated using Baum’s method. 
Peak value of the radiated field is 1.1 kV/m  
 
The prepulse and the main pulse can be clearly differentiated on this signal. The 
post pulse is produced by the late time response of the main pulse. 
The value Vfar for this antenna is: 
 
200
377
2 30 23.5
0.94 2far
kVV kV
nsc 
   
(2.35) 
This agrees with the product rE(peak) in Figure 2.6. 
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2.2.2. Mikheev’s Model 
The method of calculation presented by Mikheev et al in [6] permits the 
calculation of the electric field radiated by an IRA both in near and far ranges in front of 
the antenna. Mikheev’s calculations are valid inside a cylindrical volume whose base 
coincides with the aperture of the antenna. 
The method obtains the combined response of the TEM feeders and the reflector 
by applying the image theory and projecting the feeders on a parabolic surface. Due to 
the nature of the surface, the virtual apex of the image is projected to infinity and 
reflected conductors appear with an expansion angle different from the original TEM 
feeder. 
The following general formula allows to calculate the field at any coordinate 
p=(x,y,z) in front of the reflector aperture: 
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 (2.36) 
where 
 2 2;x zk p
D D
 
   
(2.37) 
and: 
  fg =ZI Antenna /120 
1
1
2
f    for a 4 arms Full IRA, fg =200 /120 
1
1
2 2
f   for a 2 arms HALF IRA, fg =100 /120,  [10] 
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The angles and distances are illustrated in Figure 2.7 
 
Figure 2.7 Geometry for the calculation of the electric field at an arbitrary point in front of the aperture 
area 
 
In boresight, Equation (2.36) transforms to: 
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 (2.38) 
 
In the far field region, (2.38) reduces to (2.27). 
The main drawback of the Mikheev’s model is that the post pulse response of the 
antenna is omitted in the calculation.  
 
2.2.2.1. Field on Boresight 
The example previously treated can be analyzed using the Mikheev’s model. 
Figure 2.8 shows the electric field at r=20 m.  
 
Comparing the results of Figure 2.6 and Figure 2.8, it can be concluded that 
 
 The predicted amplitude and shape of the prepulse are identical in both models. 
 The amplitudes of the main pulse predicted by both methods are similar, 
although slightly larger values are obtained using Mikheev’s model due to the 
effect of the near field components. 
  The late time responses are different; this can be due to the fact that Mikheev 
does not consider the post pulse. 
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Figure 2.8 Driving voltage (top), Electric field at 20 m (bottom), computed using Mikheev’s model 
 
 
 
2.2.2.2. Electric Field in Directions Other Than Boresight 
The magnitude of the electric field inside the working volume can be calculated 
using Equation (2.36) for an antenna-pulser set with the following characteristics: 
 
Pulser: 
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Antenna: 2- Arms Full IRA 
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Figure 2.9, Figure 2.10 and Figure 2.11 show the electric field magnitude in the x-
z plane at distances y= 5.8, 10.8, 20.8 m, respectively. These planes are located at 
distances r =5, 10 and 20 m on boresight. Notice that in the three cases the amplitude 
scales are different. 
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Figure 2.9 Electric field at y=5.8 m,  r =5 m on boresight 
 
 
 
Figure 2.10 Electric field at y=10.8 m, r =10 m on boresight. Notice that the scale is different from 
Figure 2.9 and Figure 2.11 
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Figure 2.11 Electric field at y=20.8 m, r =20 m on boresight. Notice that the scale is different from 
Figure 2.9 Figure 2.10 
 
 
2.3. Antenna Design 
Based on the theoretical basis presented in the previous Section, a Half Impulse 
Radiating Antenna was designed, the description of which is presented. 
 
2.3.1. Reflector’s Diameter and F/D Relationship 
Regarding the diameter (D) of the parabolic reflector, we can apply the principle 
of “as big as manageable”. The level of electric field radiated by the antenna is directly 
proportional to the diameter and the lowest frequency of operation is inversely 
proportional to this value. 
On the other hand, the focal distance to reflector diameter ratio (F/D) should be as 
close as possible to 0.5 [13], in order to reduce the magnitude of the radiated prepulse. 
However, there are a finite number of reflectors available in the market and not all 
the values F/D and D can be found. 
Taking this into account, a reflector with a diameter D=2 m, and a focal distance 
F=0.82 m, was selected.  This defines a theoretical low frequency fmin=75 MHz, and a 
factor F/D = 0.41 
2.3.2. Antenna’s Input Impedance 
The input impedance of the half IRA (ZiH) is half of the input impedance of the 
Full IRA (ZiF), which corresponds to the impedance of two TEM feeders (ZTEM) 
connected in parallel (the TEM feeders are often called coplanar plate transmission 
line): 
 
 
2 4
iF TEM
iH
Z ZZ  
   
(2.39) 
 ( )120 120
(1 )TEM g
K mZ f
K m
        
(2.40) 
where  
fg is the ratio between the free space impedance and the input impedance of the 
full IRA 
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The factor m depends on the selected input impedance, and should satisfy: 
 ( )
120 (1 )
TEM
g
Z K mf
K m      
(2.41) 
It has been found in [7] that a convenient value of the input impedance of a Full 
IRA is: 
 iFZ 200 2
TEMZ  
  
(2.42) 
Leading to: 
 gf 1.061   (2.43) 
Therefore, m should satisfy:  
 
 
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K m
1.061
K 1 m
    
(2.44) 
Figure 2.12 shows the graphical evaluation of this factor. 
 
 
Figure 2.12   Evaluation of factor m. fg=1.061, m=0.5645 
 
It can be seen that the value of m producing the required ZTEM is:  
 
m=0.5645  
2.3.3. Feeder’s angles 
The aperture angles of the feeders (see Figure 2.13) depend on F/D, and the 
parameter m [3]. 
By geometry: 
 10
1β tan  =62.74° 2F D
D 8F

         
(2.45) 
Aperture angles are: 
 1 401
ββ 2tan tan m 55.71
2
            
(2.46) 
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              
(2.47) 
 
The angle of the feeders with reference to the ground plane was set to 45°. 
However, it has been reported [5] that an angle of 70° with reference to the ground 
plane (combined with different aperture angles on the feeders), can improve the aperture 
efficiency of the antenna and therefore increase the peak amplitude of the radiated 
electric field. 
 
2.3.4. Feeder’s Length 
The length of the feeder can be adjusted to avoid reflections that could be 
produced from a mismatch at the connection point between the resistors and the feeder. 
A way to do this is explained in [13]. It consists of choosing the length of the feeder 
equal to the focal distance (F). By doing this, a wave launched from the focal point, 
after impacting the reflector, returns (with a negative sign) to the focal point; at the 
same time, a positive current reflected from the connection point between the 
terminating resistors ant the feeder arrives. The combination of the two signals 
compensates to some extent the possible mismatch between resistors and feeder. 
 
2.3.5. Terminating Resistors 
A set of matching resistors is added at the end of each feeder, terminating properly 
the transmission line system formed by the feeders.  
The resistors are mounted over a plastic support and distributed as uniformly as 
possible along the space between the end of the feeder and the reflector. 
The used resistors are low-inductive Allen Bradley Carbon Composite Resistors. 
 
2.3.6. Ground Plane 
There is not a standard procedure for selecting the size of the ground plane. In 
theory it should be as large as possible, in terms of the wavelengths of the radiated 
signal.  
  We decided to use a ground plane of 2.5 m x 2.5 m, the distance between the 
focal point and the border or the ground plane being 1.58 m (see Figure 2.14 for more 
details). 
 
2.3.7. Dielectric Lens  
The connection between the coaxial pulser and the feeders can be improved by using 
a dielectric lens [14, 15]. The lens eases the transformation of the plane wave existing 
inside the coaxial into a spherical wave at the feeders.  
The lens was designed and simulated in frequency and time domain [16, 17]; however 
due to budget restrictions it couldn’t be constructed.  The design and simulation of the 
lens are detailed in Appendix 2.A 
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Figure 2.13. Feeder and plastic support dimensions, units in mm 
 
 
 
Figure 2.14 Half IRA, Top View. Sizes are in mm 
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Figure 2.15  Half IRA, side View. Units are in mm 
 
 
Figure 2.16 Half Ira, front view. Units are in mm 
 
2.4. Measurements 
 
The field radiated by the HIRA was measured and the result was compared with 
the theoretical models previously presented. The first set of measurements was 
performed driving the antenna with the 40 cm long PFL presented in Chapter 1. 
Afterwards, the PFL was shortened to a length LL=10 cm and a second set of 
measurements was performed. 
 
2.4.1. Measured Driving Voltage 
The antenna’s driving voltage (Vd) was measured using the procedure described in 
[10] and summarized in Sections 1.4.1 and  1.4.2  
   
Figure 2.17 presents one example of the voltage waveform obtained for LL=40 
cm. The peak value is Vp= 13.9 kV, the 10%-90% rise time is tr= 900 ps, corresponding 
to a pressure of 7 bar. Some reflections and ringing are present on the waveform. 
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Figure 2.17 Voltage waveform measured at the surface of the reflector. The length of the PFL is L=40 
cm. 
 
2.4.2. Near Range Measurements 
The radiated electric field was measured using the experimental setup illustrated 
in Figure 2.18. The magnetic field was measured using a Thomson-Melopée E1602 
free-field D-dot sensor. The D-dot sensor has an embedded integrator and a fiber optic 
transducer. The optical signal is transmitted up to an optical-electrical transducer 
connected to a Lecroy 9362 sampling oscilloscope, with a sampling time of 100 ps. The 
oscilloscope is located inside a shielded room. 
Two cases are described here. In the first case, referred to as CASE A, the sensor 
was placed at a distance R=3m from the antenna’s focal point and 1.4 m from the 
surface of the soil, it means 15 cm above the level of the ground plane. The clearance 
distance between the D-dot and a metallic wall behind it, was dc= 5m, therefore the 
maximum duration (Tc) of the signal that can be measured using this set-up is:  
 2 33cc
dT ns
c
 
  
(2.48) 
The breakdown voltage at the pulser was 45 kV, corresponding to a pressure of 10 
bar of SF6. At this pressure the peak amplitude of the pulse is 21 kV, see Figure 1.23.  
The measured electric field is presented in Figure 2.19. The peak electric field is 
Ep=4.9 kV/m. The measured 10-90% rise time is tte= 550 ps. In the figure the prepulse 
and main pulse can be clearly recognized. After the main pulse, a “constant” region 
corresponding to the plateau of the driving voltage can be identified. A subsequent 
negative pulse arrives later which corresponds to the falling edge of the driving voltage  
The maximum stepness of the electric field, defined as the 80% of the voltage 
divided by the rise time is: 
  12
max
3.6 / 6.7 10 / /
550
E kV m V m s
t ps
      
(2.49) 
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Figure 2.18 Experimental Setup for measuring the radiated electric field in near range. Dimensions are in 
mm 
 
 
Figure 2.19 CASE A. Measured electric field at 3 m from the antenna. The physical length of the line 
is 40 cm. The amplitude and rise time of the driving pulse are 20 kV and 650 ps, respectively  
  
pre-pulse 
main 
impulse 
plateau 
negative 
impulse 
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In a second measurement in the near range, referred to as CASE B, the sensor was 
placed at a distance of 5 m from the focus of the antenna. The pulser was slightly 
modified during this test. The central conductor of the PFL was shortened; its physical 
length was set to 10 cm. The pressure of SF6 was set to 11 bar, which is 1 bar higher 
than the maximum value reported in Chapter 1. The measured breakdown voltage was 
49.3 kV. The measured peak amplitude of the output voltage was 23 kV.  Figure 2.20 
presents the measured electric field. The temporal axis has been (arbitrarily) referenced 
to the peak amplitude of the positive pulse.  
 
 
 
Figure 2.20 CASE B. Measured electric field at 5 m from the antenna. The physical length of the line is 
10 cm. The amplitude and rise time of the driving pulse are 23 kV and 600 ps, respectively 
 
  
2.4.2.1. Analysis of the Results in Near Range 
The theoretical response of the radiated electric field on boresight (Et) can be 
inferred using the Mikheev’s model, equation (2.38) 
Due to the nature of the pulser, the driving voltage Vd should be represented by a 
rectangular-like waveform. This differs from the traditional double-exponential type 
proposed in equation (2.32). For this reason, we propose to use the following function 
as a representation of Vd in equation (2.50) [10]: 
 
( ) ( )
2 0.55 0.55
p b a
d
d f
V t t t tV t Erfc Erfc V
t t
                  (2.50) 
where  
Erfc(t) is the complementary error function 
 22( ) z
z
Erfc t e dz
  
   
(2.51) 
Vp is the pulse peak voltage 
ta – tb is the pulse full width at half maximum (FWHM) 
td is the 10% - 90% rise time   
tf is the 90% - 10% fall time   
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Vd represents a rectangular waveform with finite rise-time and fall-time. 
 
It is worth noting that, for ta and tb tending to zero, Vd represents a rectangular 
pulse ((t)), defined as the sum of a pair of Heaviside [8] functions: 
     
, 0
2lim
d f
b a
d p a bt t
b a
t tt
V V H t t H t t
t t
              
(2.52) 
The function defined by equation (2.50) can be parameterized to represent the 
voltage wave produced by the pulser. The parameters can be obtained from the 
waveforms measured at the apex of the parabolic dish, as explained in Sections 1.4.1-
1.4.2 For example in the case A, described in Section 2.4.2.1, the parameters of the 
equivalent pulse are: 
Vp=20 kV 
ta - tb=3.5 ns 
td=0.7 ns 
tf=1.2 ns 
 
Figure 2.21 presents the pulse corresponding to these parameters.  
 
The theoretical driving voltage Vd defined by Equation (2.50) was inserted into the 
equation predicting the radiated electric field (2.38). The result of this calculation is 
presented in Figure 2.22 and compared with the actual radiated field. The peak value of 
the calculated waveform is 5.5 kV/m, this is close to the 4.9 kV/m measured. The rise 
time of both theoretical and radiated signals are in the same order of magnitude. 
 
 
Figure 2.21 Theoretical driving pulse, CASE A. The pulse was generated using equation  (2.53) 
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Figure 2.22 CASE A. Theoretical and measured electric field.  
 
The same procedure was applied for the pulse considered in Case B (see Figure 
2.23). the parameters of the pulse are: 
 
Vp=23 kV 
ta - tb=2.1 ns 
td=0.6 ns 
tf=0.8 ns 
 
 
 
Figure 2.23 CASE B. Theoretical and measured electric field at 5 m from the antenna. Although some 
ringing and reflections are present, there is a close agreement on the peak amplitudes and waveform of 
both signals. 
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2.4.3. Far Field Measurements  
According to equation (2.28) the far field range of this antenna starts at R=8.5 m. 
Measurements were taken at R=10, 20 and 30 m of distance from the focal point. 
During the measurements it was found that the direction of maximum radiation of the 
antenna is tilted vertically by 2.3° with reference to the central axis of the parabolic 
dish. Accordingly, the height (hs) of the sensor was adjusted at each horizontal distance: 
hs=0.4, 0.8, 1.1 m, from the central axis of the parabola, as illustrated in Figure 2.24.  
During the measurements, the 10 cm-long PFL was used. The pressure of the 
spark gap was 11 bar of SF6.  
The measured signals are showed in Figure 2.25 to Figure 2.27.  
The 2.3° deviation angle on the axis of maximum radiation could be an effect of 
the finite-length ground plane.  
 
Figure 2.24 Location of the D-dot sensor for the measurement of the far field. The angle of maximum 
radiation of the antenna is 2.2°, regarding the central axis of the parabola. 
 
 
Figure 2.25 Electric field at R=10 m, Height =0.4 m. The peak electric field is 2.7 kV/m 
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Figure 2.26 Electric field at R=20 m, Height =0.8 m. The peak electric field is 1.1 kV/m. Notice the 
presence of the wave reflected at the soil. 
 
 
Figure 2.27 Electric field at R=30 m, Height =1.1 m. The peak electric field is 600 V/m. Notice the 
presence of the  wave reflected at the soil 
 
2.4.3.1. Analysis of the Results in Far Range 
The following conclusions can be drawn from the analysis of the obtained results:  
 
Figure 2.28, shows the amplitude of the radiated electric field as a function of the 
distance. As can be seen, the measured values feature a quasi-1/R decay. However, the 
observed decay is somewhat stronger at larger distances. This could be an indication 
that the sensor is not located exactly on the spot of maximum radiation of the antenna. 
 
The prepulse almost disappears in all the far field measurements, as expected.   
The reflection on the surface of the soil is noticeable in the signals measured at 
R= 20 and 30 m. 
   
Reflections 
from the soil 
Reflections 
from the soil 
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Figure 2.28 Electric field peak amplitude vs. distance in Log-Log scale. The far field 
region starts at 8.5 m. Notice the function becomes a straight line with negative slope in 
the far field region 
 
The observed 10-90% rise time of the radiated signals at 20 and 30 m is 400 ps. 
 
Taking the theoretical values reported in Figure 2.28, the factor Vfar can be 
calculated as: 
20*1.4 / 28far farV rE kV m kV    (2.54) 
The same factor calculated using the measurement value at 10 m (which is close 
to the theoretical values) is: 
 
10 *2.7 / 27farV m kV m kV      (2.55) 
 
At 20 m distance the same factor is: 
 
20 *1.1 / 22farV m kV m kV     (2.56) 
We’ll assume the value HIRA’s Vfar value as Vfar = 27 kV.  
 
2.4.3.2. Calculation of the Fractional Bandwidth 
The radiating system can be classified according to the categories presented in 
Table I of the introduction. This requires the calculation of (fl, fh), the cut-off 
frequencies of the spectrum of the radiated electric field.  
Figure 2.28 (top) presents the theoretical waveform calculated at a distance R=20 
m from the antenna’s focal point. The same figure (bottom) shows the spectrum of the 
signal. Notice that a notch appears at fnotch=478 Mhz, this frequency corresponds to the 
inverse of the FWHM time of the driving pulse: 
 
1 478
2.1notch
f MHz
ns
 
   
(2.57) 
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The calculation of (fl, fh) will be performed using the criteria presented in [18]. 
This technique, based on the p-norm concept presented in [19], is suitable for the 
calculation of bandwidth on signals with irregular spectrum. 
 
 
 
 
Figure 2.29 Radiated electric field at 20 m of distance. Time domain (top). Magnitude of the spectrum vs. 
frequency (bottom).  
The cutoff frequencies (fl,fh) are defined in terms of f= fh -fl, the minimum 
frequency interval satisfying: 
 
 
2
( , )
2,
2
0
( )
0.9
( )
h
ll h
f
ff f
f
E f df
E f df
  

     
(2.58) 
where 
( )E f  is the magnitude of the Fourier transform of the electric field,                    
2( )h
l
f
f
E f df  is the window norm of E(f) between fh -fl, [19] and  
2
0
( )E f df
  is the 2-norm of E(f) [19]. 
The term ( , )2, l h
f f
f is called “efficiency” in  [19]. However we think that a 
more accurate and simpler name would be “normalized window-norm”. 
 
Based on equation (2.58), we propose the algorithm schematized in Figure 2.30 
for to the calculation of fh and  fl 
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f1=1 Hz
finc=100 KHz
f1max=180 MHz
f2max=1.5 GHz
f2=f1+finc
2
11 2
2
( , )
2,
2
0
( )
( )
f
ff f
f
E f df
E f df
 


1 2( , )
2, 0.9
f f
f 
if
yes
If
f2 >= f2max yesno
Store f1,f2
f1=f1+finc
If
f1> = f1max
yes
Find Minimum 
f2-f1
nof2=f2+finc
End
no
 
Figure 2.30 algorithm for the calculation of the cutoff frequencies of E(f). The band intervals on which 
the normalized window norm is equal to 90% are calculated and the smaller bandwidth is extracted. 
 
The result of the algorithm described in Figure 2.30 is presented in Figure 2.31. 
The figure presents on the x axis the possible values of the lower frequency fl; the y axis 
presents f= fh -fl, the frequency intervals necessary to achieve ( , )2, 0.9l hf ff  . As it can be 
seen, the minimum interval satisfying this equation is f= 560 MHz, the lower 
frequency is f1= 69.1 MHz and the corresponding upper frequency is fh= 629 MHz.  
Figure 2.32 shows the window norm as a function of fh, using fl=69.1 MHz. As it 
can be seen the 90% limit is reached at 629 MHz. 
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Figure 2.31 lower cutoff frequency vs necessary bandwidth for 90% normalized window norm. The highest low 
frequency limit is fl=119 MHz, if this value is increased the 90% criteria cannot be satisfied. 
 
 
Figure 2.32 Normalized window norm for different values of fh. The starting frequency is from 69 MHz. 
Notice the 90% point located at 629 MHz. 
 
Using equations (i) and (ii), the bandratio and the percent fractional bandwidth 
are, respectively: 
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 9.1h
l
fbr
f
 
   
(2.59) 
 2( ) 160%
( )
h l
h l
f fpfbw
f f
     
(2.60) 
 
The bandwidth of the radiated pulse is:  
 
 560h lBW f f MHz      (2.61) 
According to this result and the classification presented in Table i of the 
introduction, the antenna can be considered as a Sub-Hyperband radiator: 
100%<pfbw<163.4% 
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2.5. Conclusions 
 
A half impulse radiating antenna (HIRA) was designed, built and tested. The main 
characteristics of the antenna are summarized in Table 2-1  
 
Table 2-1 Characteristics of the Half IRA 
Pulser 
Type of Pulser PFL 
Peak Amplitude 23 kV 
Rise time /FWHM /Fall time 600 ps / 2.1 ns / 800 ps 
Antenna Diameter 2 m F/D 0.41 
Radiated Field 
Near Field 4.7 kV / m @ 5 m 
Far Field 2.7 kV/ m @ 10 m 
Vfar 27 kV / m 
Cutoff frequencies  69 MHz / 629 MHz 
Bandwidth 560 MHz 
Band ratio / Percent fractional bandwidth 9.1 / 160 % 
Classification Subhyperband 
 
The measured HIRA’s Vfar =27 kV. The radiated electric field rise time is 400 ps 
in the far range 
The analysis of the spectrum shows that the antenna’s bandwidth is 555 MHz, 
extending from 75 MHz to 630 MHz, leading to a bandratio of 8.4. Taking this into 
account the system can be classified as a Sub-Hyperband radiator 
Measurements in far field and in near field range were performed. The 
measurements were contrasted with the theoretical models presented in the literature. 
Good agreement between measurements and theoretical model was found in the near 
range. However, as the distance between the observation point and the antenna increases 
some divergence appears between the measurements and the theoretical model. It was 
observed that the axis of maximum radiation of the antenna is tilted vertically up, with 
respect to the parabolas’ central axis. As the horizontal distance increases, the 
incertitude on the location of the spot of maximum intensity increases as well. We 
hypothise that the divergences between measurement and theoretical model in far range 
are due to the fact that the sensor was not place exactly on the spot of maximum 
radiation. 
The operation of a HIRA connected to a DC-charged PFL was presented and 
discussed.  The main advantages of this topology are the simplicity of construction and 
cost, when compared to more classical capacitor-based pulsers. The main limitation, on 
the other hand, is the appearance of a notch frequency in the spectrum, corresponding to 
the inverse of the pulse FWHM time. This frequency can be increased by shortening the 
physical length of the charging line. In theory, the deepness of the notch could also be 
reduced by making the decay time of the driving pulse much longer than the rise time. 
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2.6. Appendix 2.a.    
 
Design of an Electromagnetic Lens for the HIRA. 
 
The design of a dielectric lens is presented on this appendix. The aims of the 
lens are to improve the matching between the coaxial pulser and the HIRA and to 
improve the insulation between the feeder and the ground plane at the point of 
connection.  
The effectiveness of the lens on producing a spherical wave is calculated in time 
and frequency domain. The reflection and transmission coefficients of the lens are 
calculated as well.  
Although the results of the simulation show that the design works appropriately, 
the lens couldn’t be fabricated, due to budget restrictions. 
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Abstract − This paper presents the design and simulation 
of an electromagnetic lens for a Half Impulse Radiating 
Antenna (HIRA). Simulation results showing the 
effectiveness of the lens in producing a spherical wave 
front and the behavior of the reflection coefficient and 
the transmission coefficient of the lens are presented 
and discussed.   
1 INTRODUCTION 
The transition between the coaxial transmission line 
and the TEM feeders in the HIRA requires the use of 
an electromagnetic lens [1]. The design of such a lens 
was described by Farr and Baum in [1] and Bigelow 
and Sower in [2], for HIRAs with Focal length-to-
Diameter relationship F/D=0.25. In [3], Bigelow and 
Farr presented a design of a feed-point lens for 
HIRAs with F/D > 0.25. All of these studies were 
based on the work developed by Baum and Stone in 
[4].  
The aim of the electromagnetic lens is to transform 
the TEM plane wave existing within the coaxial 
cable, into a TEM spherical wave in the conical TEM 
feeders of the antenna.  
The HIRA used in this work has a reflector 
diameter D=2 m, F/D = 0.41 and an input impedance 
Zi=100 Ω. The used coaxial cable is isolated in oil 
and is designed to withstand impulses up to 50 kV of 
amplitude / 700 ps of rise-time, produced by a Pulse 
Forming Line (PFL). 
To analyze this problem by keeping the rotational 
symmetry, a 2-D axial-symmetrical simulation 
method was applied; the traditional TEM feeders of 
the HIRA were replaced by a single cone with the 
same impedance of the HIRA. Additionally, the input 
transmission line modeled in the simulation is a 
coaxial centered, instead of the off-centered proposed 
in [3]. The same  procedure has already been applied 
in [1]-[3] for the study of EM Lenses. The model 
used for the simulation is shown in Figure 1.   
These simplifications allow for the characterization 
of the response of the lens as an individual element. 
The validity of the assumptions and the integration of 
the lens to the whole system will be tested in the 
future, once the antenna construction is finished. 
2 LENS SURFACES 
The first lens interface, between media 1 (oil, with 
permittivity ߝଵ) and 2 (lens’ plastic material, with 
permittivityߝ ଶ) transforms the plane wave 
propagating within the coaxial transmission line into 
a spherical wave centered at some point along the 
axis of the coaxial transmission line. The equation 
describing this surface is [3]: 
ሺ௭ା௅భି௅మିௗሻమ
௔మ ൅
ఘమ
௕మ ൌ 1   (1) 
where z and ρ  are the longitudinal and radial 
components of a cylindrical coordinate system, 
whose origin is located at the parabola’s focus. This 
equation corresponds to an ellipse with its center at 
the point ሺݖ ൌ െܮଵ൅ܮଶ ൅ ݀, ρ ൌ 0ሻ, major and minor 
semi-axes a and b respectively and foci P1 and P2 
(center of the spherical wave). Equations for such 
parameters are [3]:  
݀ ൌ √ܽଶ െ ܾଶ      ܽ ൌ ݀√ߝ௥ଵ          ܾ ൌ ܽට1 െ ଵఌೝభ    (2) 
P1= -L1+L2+2d      P2= -L1+L2     (3) 
 
where  ε୰ଵ ൌ கమகభ .  
The second interface, between media 2 and 3 (air, 
with permittivity εଷ), re-focuses the wave and centers 
it at the parabola’s focus ሺz ൌ 0, ρ ൌ 0ሻ. The equation 
for this surface is [3]: 
 
√ ߝ௥ଶඥሺݖ ൅ ܮଵെܮଶሻଶ ൅ ߩଶ െ √ ߝ௥ଶܮଵ ൌ ඥݖଶ ൅ ߩଶ െ ܮଶ   (4) 
 
where   ߝ௥ଶ ൌ ఌమఌయ .  
Equation (4) corresponds to a quartic profile 
crossing the z axis at z=ܮଶ.  
3 LENS MATERIAL 
In [2], a figure-of-merit ሺηሻ of the lens was 
proposed which evaluates the lens’ capability of 
maximizing the aperture integral of the E-field, as a 
function of the permittivity. The procedure, in 
summary, consists of calculating the line integral 
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over the radial coordinate ሺρሻ at 
line: 
η ൌ ଶ஡భ √ கభర ׬
T౪ሺ஡ሻ
ሺଵା஡/஡భሻమ
஡భ
஡బ ݀ߩ      T୲ሺρ
 
where T୲ሺρሻ is the total transmission
lens, calculated as the product
transmission coefficients of each sur
 
T୧୨ሺα୧୨ሻ ൌ ଶඥ க౟/ கౠୡ୭ୱሺ஑౟ౠሻ
ୡ୭ୱ൫஑౟ౠ൯ାඥ க౟/ கౠටଵି ሺக౟/ க
 
in which α୧୨ is the incident angle o
the surface separating the media i an
 
Figure 1: Axis-symmetric drawing
electromagnetic lens  
 
For this application we chose a pl
a nominal  εr ൌ 7. This leads 
efficiency η ൌ 93 %. The plastic is 
Polyamide-imide, 12% Graphite 
PTFE filled. The relative permitt
loss of a sample of this material w
are presented in Figure 2. It can be 
some small variations on the p
plastic in the frequency domain 
losses are quite low. The calculate
θ is presented in Figure 3. 
4 LENS DESIGN  
The lens has been designed us
proposed in [1], [2] and [3]. The p
in finding L1 and L2, by solvin
equations (1) and (4). The input 
design are: the characteristic im
coaxial cable (Zୡ୭ୟ୶ ൌ 60 Lnሺρ଴
cone impedance with respect to 
60LnሺcotሺԂ଴/2ሻሻ), the permitivi
location of the center of the secon
(the parabola’s focus) and the l
ground plane (ρଶ). 
Once all the parameters are s
surfaces are generated numerically
the coaxial input 
ሻ ൌ T12T23  (5) 
 coefficient of the 
 of the Fresnel 
face (equation (6)) 
ౠሻୱ୧୬మ ൫஑౟ౠ൯
   (6) 
f a ray arriving to 
d j. 
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, using equations 
(1) and (4). Table 1 present
calculated parameters for the le
 
Figure 2: Plastic dielectric pro
an Agilent 16453A dielectric te
an Agilent 4991 impedance ana
Figure 3: Fresnel Transmissi
Notice that T୲  vanishes as θ inc
 
Parameter Value  P
a 36.2 mm  
b 30.0 mm  
ߝଵ 2.2  
ߝଶ 7.0  
εଷ 1.0  
ߩ଴ 5.3 mm  
ߩଵ 30.0  mm  
Table 1: Lens paramete
5 SIMULATION SETUP 
The simulation was perform
domain, using Comsol®, 2
hybrid mode. A view of the
presented in Figure 4. 
A port was defined at the in
(Port 1).  The port was fed w
sinusoid signal. The frequenc
swept in the bandwidth o
application, namely between 10
steps of 25 MHz. The geometr
a scattering boundary condition
condition). The measured diele
the plastic material were includ
s a summary of the 
ns.  
 
perties, measured with 
st fixture connected to 
lyzer.  
 
on coefficients vs θ. 
reases 
arameter Value 
ߠ଴ 7.3° 
ߠଵ 55.7° 
ߴ଴ 21.37° 
ܮଵ 66.5 mm 
ܮଶ 17.4 mm 
ߩଶ 73.5 mm 
P2 -49.1mm 
rs (see Fig. 1) 
ed in the frequency 
D-axial symmetrical, 
 simulation model is 
put of the coaxial line 
ith a 1-W continuous 
y of the signal was 
f interest for this 
0 MHz and 1 GHz, in 
y was truncated using 
 (absorbing boundary 
ctric characteristics of 
ed in the simulation. 
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Figure 4: 2D axial symmetrical simulation model of 
the lens in Comsol. Dimensions are in meters. 
6 SIMULATION RESULTS 
6.1 Reflection coefficient 
Figure 5 shows the s11 parameter measured at Port 
1. It can be seen that the lens is well matched for all 
the analyzed frequencies. However, the s11 parameter 
in the upper range of frequencies is close to the -10 
dB limit of mismatching.  
 
 
Figure 5: s11 parameter measured at Port 1. 
6.2 Wave sphericity 
In order to test the effectiveness of the lens in 
producing a spherical wave front, the following 
procedure was applied. A spherical coordinate system 
ሺr, θ, Ԅሻ centered at the parabola’s focus was defined. 
The cylindrical components of the E and H fields, 
produced by the simulation, were transformed into 
this new coordinate system. For each frequency, the 
phases of E, H and S (Poynting Vector) were 
measured along a trajectory of evaluation. This 
trajectory (T) is a semi-circle centered at the origin of 
the spherical coordinate system. If the wave produced 
by the lens is spherical, then T must be an iso-phase 
curve of the wave. 
 
 
Figure 6: Magnitude and phase of ܧఏ  vs. ߠ, along the 
trajectory of observation for each frequency. 
 
Figures 6 and 7 show the values of ܧ஘ and ܪம 
(transversal components) simulated along a trajectory 
T, defined by  ݎ ൌ 0.4 m, 21.37° ൏ ߠ ൏ 90°. The 
values of θ correspond to the region between the 
cone and the ground plane. The components, 
ܧம, ܧ୰, ܪ஘,   and ܪ୰ (not shown here) are negligible, 
indicating that the wave is TEM to the radial 
coordinate. As it can be seen from Figures 6 and 7, 
the phases of ܧఏ and ܪథ  are relatively constant as a 
function of θ and the wave magnitudes are almost the 
same for the considered frequency range. These facts 
indicate that the wave produced by the lens is 
spherical and no harmonic distortion is produced. 
Nevertheless, it was found that for frequencies 
between 800 MHz and 1 GHz, the phase is not that 
stable and starts changing as ߠ increases  
 
 
Figure 7 Magnitude and phase of ܪம vs. θ, along the 
trajectory of observation for each frequency. 
 
An evaluation of the phase changes vs. θ  is 
presented in Figure 8. A function named absolute 
phase variation (APV) of ܧ஘ as a function of θ  was 
defined and calculated using the equation: 
 
668
APVሺθ୧, f୧ሻ ൌ |phaseሺܧఏሺߠ ൌ ߭଴, f୧ሻሻ െ phaseሺܧఏሺߠ ൌ θ୧, f୧ሻሻ| (7) 
 
where υ0 =21.37°is the initial angle of the trajectory T. 
It can be seen that the APV increases with the total 
bending angle. The rays traveling near the internal 
conductor of the coaxial bend a total angle close 
to ߭଴. On the other hand, the rays traveling near the 
external conductor bent almost 90° in total. 
According to Figure 8, the APV is greater for rays 
traveling at higher angles. This effect is more critical 
at higher frequencies.  
 
 
Figure 8: Absolute phase variation (APV) vs. θ. The 
wave’s sphericity is altered for high angles and high 
frequencies. 
 
7  LENS EFFICIENCY.  
 
The complex Poynting vector in radial direction 
(ܵ୰ሻ is shown in Figure 9. As can be seen from this 
figure, the reactive part of ܵ୰ is almost zero and the 
wave leaving out the lens is essentially active. Other 
two components of the complex Poynting vector 
(ܵ஘ and ܵமሻ are negligible and are not shown here.  
 
 
Figure 9: Magnitude and phase of ܵ௥ , along the 
trajectory of observation for each frequency 
 
Another way of measuring the efficiency of the lens 
(ηሻ is by comparing the ratio of the power passing 
through a Gaussian surface װ S୰ . ds (in this case a 
hemisphere coincident with T) to the power injected 
at Port 1:  
η ൌ  װ S౨.ୢୱPP౥౨౪ భ       (8) 
 
The result is presented in Figure 10.  
 
 
Figure 10: Efficiency of the lens as a function of the 
frequency. 
 
8 CONCLUSIONS 
 
We presented the design and simulation of an 
electromagnetic lens for a Half Impulse Radiating 
Antenna (HIRA). Simulation results have shown the 
effectiveness of the lens in producing a spherical 
wave in the frequency range of interest (100 MHz - 1 
GHz). The lens is also found to be well matched for 
all the analyzed frequencies, especially in the lower 
frequency range. 
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Abstract—This paper presents a discussion on the time-domain 
characteristics of an electromagnetic lens designed to be used in a 
Half Impulse Radiating Antenna (HIRA). Simulation results 
showing the effectiveness of the lens in producing a spherical 
wave front and the amplification factor are presented. 
 
I. INTRODUCTION 
An electromagnetic lens is used to assure an efficient 
transition between a coaxial transmission line and the conical 
feeders of a Half Impulse radiating Antenna (HIRA), 
converting the TEM plane wave along the coaxial cable, into a 
TEM spherical wave along the conical feeders of the antenna.  
In [1], we presented preliminary frequency-domain  results 
on the design of an electromagnetic lens for a HIRA. The 
design was based on the work presented earlier by Farr and 
Baum [2], Bigelow and Sower [3] and Bigelow and Farr [4]. 
All of these studies are based on the work developed by 
Baum and Stone in [5]. The designed HIRA has a reflector 
diameter D=2 m, a focal length-to-diameter ratio F/D = 0.41 
and an input impedance Zi=100 Ω. The used coaxial cable is 
insulated in oil and is designed to withstand impulses up to 
50 kV of amplitude / 700 ps rise-time, produced by a Pulse 
Forming Line (PFL). 
The frequency-domain analysis in [1] has shown the 
effectiveness of the lens in producing a spherical wave in the 
frequency range of interest (50 MHz - 1 GHz). In this paper, 
we present a more complete characterization of the lens, 
including a time-domain analysis. 
The problem is analyzed using a 2-D axial-symmetrical 
simulation model. The traditional TEM feeders of the HIRA 
were replaced by a single cone with the same impedance of 
the HIRA. Additionally, the transmission line modeled in the 
simulation is a coaxial centered, instead of the off-centered 
design proposed in [4]. The same  approach has already been 
applied in [2]-[4] for the study of electromagnetic lenses. 
These simplifications allow for the characterization of the 
response of the lens as an individual element.  
 
II. LENS SURFACE 
The model used for the simulation is illustrated in Figure 
1.  The first lens interface, between media 1 (oil, with 
permittivity εଵ) and 2 (lens’ plastic material, with permittivity 
εଶ) transforms the plane wave propagating within the coaxial 
transmission line into a spherical wave centered at some point 
along the axis of the coaxial transmission line. The equation 
describing this surface is [4]: 
ሺ௭ା௅భି௅మିௗሻమ
௔మ
൅ ఘ
మ
௕మ
ൌ 1 (1) 
where z and ρ  are the longitudinal and radial components of 
a cylindrical coordinate system, whose origin is located at 
the parabola’s focus. This equation corresponds to an ellipse 
with its center at the point ሺݖ ൌ െܮଵ൅ܮଶ ൅ ݀, ρ ൌ 0ሻ, major 
and minor semi-axes a and b respectively and foci P1 and P2 
(center of the spherical wave). Equations for such 
parameters are [4]:  
 
݀ ൌ √ܽଶ െ ܾଶ      ܽ ൌ ݀√ߝ௥ଵ          ܾ ൌ ܽට1 െ
ଵ
ఌೝభ
     (2) 
 
P1= -L1+L2+2d      P2= -L1+L2      (3) 
 
where  ε୰ଵ ൌ
கమ
கభ
 .  
The second interface, between media 2 and 3 (air, with 
permittivity  εଷ ), re-focuses the wave and centers it at the 
parabola’s focus  ሺz ൌ 0, ρ ൌ 0ሻ . The equation for this 
surface is [4]: 
 
√ ߝ௥ଶඥሺݖ ൅ ܮଵെܮଶሻଶ ൅ ߩଶ െ √ ߝ௥ଶܮଵ ൌ ඥݖଶ ൅ ߩଶ െ ܮଶ    (4) 
 
where   ߝ௥ଶ ൌ
ఌమ
ఌయ
 .  
 
Equation (4) corresponds to a quartic profile crossing the z 
axis at z=ܮଶ. 
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III. LENS DESIGN  
The lens has been designed using the procedure proposed 
in [2], [3] and [4]. The procedure consists in finding the 
values L1 and L2, by solving simultaneously equations (1) 
and (4). The procedure uses as inputs the values of the 
characteristic impedance of the coaxial cable, the cone 
impedance with respect to ground, the permitivities εଵ, εଶ, εଷ, 
the location of the center of the second spherical wave (the 
parabola’s focus) and the lens radius at the ground plane 
(ρଶ). An outline of the procedure is described as follows. 
 
 
 
Fig.1 - 2-D axial-symmetrical model used to simulate the behavior of the 
electromagnetic lens  
 
From Figure (1) it can be seen that: 
 
cotሺθሻ ൌ ୸ାLభିLమ 
஡
   ሺ5ሻ,     cotሺυሻ ൌ ୸
஡
  (6),   ρ ൌ LమିLభ 
ୡ୭୲ሺ஥ሻିୡ୭୲ሺ஘ሻ
   ሺ7ሻ 
 
Introducing equations (5), (6) and (7) into equation (4) and 
rearranging leads to 
 
Lమ
Lభ
ൌ ିୡୱୡ
ሺ஥ሻା√க౨మሺୡୱୡሺ஘ሻାୡ୭୲ሺ஥ሻିୡ୭୲ሺ஘ሻሻ
ି ୡୱୡሺ஥ሻାୡ୭୲ሺ஥ሻିୡ୭୲ሺ஘ሻ√க౨మୡୱୡሺ஘ሻ
     (8) 
 
Equation (8) can be evaluated for the two limit cases 
ሺθ଴, υ଴ሻ and ሺθଵ, υଵ ൌ 90°ሻ obtaining 
 
െcscሺυ଴ሻ ൅√ε୰ଶሺcscሺθ଴ሻ ൅ cotሺυ଴ሻ െ cotሺθ଴ሻሻ
െ cscሺυ଴ሻ ൅ cotሺυ଴ሻ െ cotሺθ଴ሻ√ε୰ଶcscሺθ଴ሻ
   
ൌ  
 െ 1 ൅ √ε୰ଶሺcscሺθଵሻ െ cotሺθଵሻሻ
െ1െcotሺθଵሻ ൅ √ε୰ଶcscሺθଵሻ
 
     (9) 
  
The cone’s aperture semi-angle υ଴  can be obtained from 
the input impedance of the cone, which is a parameter of the 
design: 
Zୡ୭୬ୣ ൌ
଺଴
ඥகయ
Lnሺcot ሺυ଴/2ሻሻ  (10)  
 
On the other hand, by combining the equation for the 
characteristic impedance of the coaxial cable, Zୡ୭ୟ୶ ൌ
60 Lnሺρ଴/ρଵሻ/√ εଵ , and the geometrical relationship 
expressing the bending angle (θ ) of a ray impacting the 
elliptical surface at the coordinate ρ:  
 
ୟ
஡
ൌ √க౨భ
ሺିୡ୭୲ሺ஘ሻା√க౨భ ୡୱୡሺ஘ሻሻ
க౨భିଵ
      (11) 
 
we obtain 
 
஡భ
஡బ
ൌ ିୡ୭୲
ሺ஘బሻା√க౨భ ୡୱୡሺ஘బሻ 
ିୡ୭୲ሺ஘భሻା√க౨భ ୡୱୡሺ஘భሻ
ൌ e√கభZౙ౥౗౮/଺଴  (12) 
 
By solving the system formed by equations (9) and (12), 
the variables θ଴, θଵ and consequently the parameters L1 and 
L2 can be determined. This can be done by applying the 
following change of variables: 
 
cotሺθ଴ሻ ൌ x଴ , cscሺθ଴ሻ ൌ ඥ1 ൅ x଴
ଶ  (13) 
cotሺθଵሻ ൌ xଵ , cscሺθଵሻ ൌ ඥ1 ൅ xଵ
ଶ  (14) 
 
The resulting system of equation reads 
 
ି୶బା√க౨భටଵା୶బ
మ 
ି୶భା√க౨భටଵା୶భ
మ
ൌ e√கభZౙ౥౗౮/଺଴  (15) 
ିୡୱୡሺ஥బሻା√க౨మቆටଵି୶బ
మାୡ୭୲ሺ஥బሻି୶బቇ
ିୡୱୡሺ஥బሻାୡ୭୲ሺ஥బሻି୶బା√க౨మටଵା୶బ
మ
ൌ
ିଵା√க౨మቆටଵା୶భ
మି୶భቇ 
ିଵି୶భା√க౨మ ටଵା୶భ
మ 
  (16) 
 
To solve analytically this system is a difficult task. In [3], a 
solution is proposed: ݔ଴  is expressed in terms of ݔଵ  using 
equation (15) and inserted into equation (16). Then, ݔଵ  is 
obtained by applying numerical methods. It is worth noting 
that there is a typographic error in the expression for ݔ଴ 
equation (2.18) in [3] and equation (3.3) in [4]). 
In the present study, we solved numerically the system of 
equations (15)-(16) to obtain x0 and x1. 
Another parameter to be determined is ρଶ. This parameter 
is not fixed. Its minimum value can be determined according 
to the following procedure: 
From figure 1, we can write 
 
Lଵ െ Lଶ ൌ െሺa ൅ dሻ     (17)                  Lଵ ൒ ሺa ൅ dሻ       (18) 
 
Lభ
஡మ
൒ ቀ1 ൅ ୢ
ୟ
ቁ ቀ ୟ
஡భ
ቁ ቀ஡భ
஡మ
ቁ  (19) 
 
This leads to: 
 
ρଶ ൒ ρଵ ቀ1 ൅
ଵ
√க౨భ
ቁ ቀ ୟ
஡భ
ቁ ቀ஡మ
Lభ
ቁ  (20) 
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V. SIMULATION RESULTS 
Figure 4 shows the voltage calculated at port 1 and along 
the contour of evaluation, defined as a semi-circle centered 
at the parabola’s focus 
 
V ൌ  ׬ E. dl
Lଶ
Lଵ   (28) 
A reflected voltage due to the mismatches between media 
1 and 2, and between media 2 and 3 can be seen at the input 
port. The magnitude of the total-peak reflection coefficient 
at the input port is:  
 
หρ୮ୣୟ୩ห ൌ ฬ
V౨ሺP౛౗ౡሻ
V౟ሺP౛౗ౡሻ
ฬ ൌ 0.17  (29) 
  Note that, as discussed in [1], this coefficient is frequency 
dependent. 
Figure 5 shows the power calculated at the same interfaces. 
The power efficiency of the lens is defined as the ratio of the 
injected peak power and the peak power at the evaluation 
surface (PT): 
 
η ൌ PT
PI
ൌ PT
ሺଵ Vሻమ /଻଴Ω 
ൌ 96%  (30) 
 
 
Fig. 4 - Voltage at the input port and surface of evaluation. Notice the 
amplification factor on the voltage signal. 
 
Fig. 5 - Power at the Input port and surface of evaluation. Notice the slight 
reduction of the power after passing the lens interfaces. 
Figure 6 shows the voltage and the power at the input and 
at the surface of evaluation in the frequency domain. The 
lens transfer function in the frequency domain is flat up to 
about 800 MHz, above which some slight distortion appears, 
as anticipated in [1]. 
 
 
 
Fig 6 - Voltage and Power in frequency domain. Notice the distortion at 
higher frequencies. 
VI. CONCLUSIONS 
We presented the design and simulation of an 
electromagnetic lens for a Half Impulse Radiating Antenna 
(HIRA). Time-domain simulations performed using 
COMSOL Multiphysics have confirmed the effectiveness of 
the lens. 
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2.7. Appendix 2.b.  Design of A 50 to 100 Ohms 
Adapter for the HIRA 
 
This appendix presents the design of a coaxial-exponential tapered adaptor, 
permitting to connect a 50 Ohm source to the HIRA (100 Ohm).  
The paper presents the theoretical background and simulation of the adaptor. 
Measurements with a time domain reflectometer (TDR) and a Vector Network 
Analyzer (VNA) show the effectiveness of the adaptor on the band of interest. The 
measures were performed using a dummy load, representing the impedance of the 
HIRA. Final measurements of the adaptor connected to the HIRA (and the subsequent 
TDR of the HIRA) were not ready by the time of finishing this document. 
 1 
 
Abstract—This paper describes the simulation, design, 
realization and experimental test of an exponential matching 
transmission line for the connection of a 50-  generator to a Half 
Impulse Radiating Antenna (HIRA) having an input impedance 
ZA= 100 . 
 
Index Terms—tapered transmission lines, transmission line 
transformers, Impulse Radiation Antennas 
I. INTRODUCTION 
DAPTION of impedances to transmission lines is of 
capital importance to ensure signal integrity [1].  
In the case of a single-frequency or narrow band 
signals, diverse matching networks, consisting of lumped 
elements or transmission line segments, can be successfully 
implemented (e.g. [2]) 
The situation is quite different when impedance matching is 
required over a wide band of frequencies. In this case, 
matching can be achieved by using a tapered transmission line 
adaptor.  
The aim of the present study is the matching of a 50 
impulse generator to a Half Impulse Radiating Antenna 
(HIRA) having an input impedance ZA= 100 . The impulse 
voltage contains energy in a band of frequencies ranging from 
DC to about 1 GHz. Achieving good matching at low 
frequencies requires the use of a large adaptor (in size), which 
is impractical for this application. We decided therefore to 
work in a band of frequencies between 50 MHz and 1 GHz, 
which coincides with the bandwidth of the HIRA. 
The HIRA consists of a half parabolic reflector placed over 
a ground plane  [3].  The reflector is illuminated by two TEM 
Horn feeders connected to an impulse voltage source. The 
feeders are connected to the reflector by a set of matching 
resistors. A description of the ensemble can be seen in Fig 1. 
The HIRA is a modified monopolar version of the Full IRA, 
presented by Baum in [4]. Both devices has been used to 
produce impulse electric fields in several applications, such as 
immunity testing and ground penetrating radar (e.g. [5] ). The 
main advantage of using a HIRA, instead of a Full IRA, is that 
it avoids the use of high voltage baluns, permitting the use of 
unbalanced sources, for example coaxial generators. 
 
 
 
 
Fig 1 Half Ira Antenna (Dummy Image) 
 
This paper is organized as follows. In section I a brief 
description of the theory of tapered transmission lines is 
presented. Section II presents the design of an exponential 
tapered coaxial transmission line, as well as the theoretical 
analysis and the simulation of the response of the proposed 
design.  The design of a linear tapered coaxial transmission 
line is presented in Section IV, and comparison between 
exponential and linear tapers is presented in Section V. In 
Section VI we describe the manufacturing process of the taper. 
Section VII presents the measurements of the impedance of the 
taper along its length using a Time Domain Reflectometer. 
Section VI presents measurements of the reflection coefficient, 
in frequency domain, at the input of the adaptor. Conclusions 
are presented in Section IX. 
 
II. TAPERED TRANSMISSION LINES   
Tapered transmission lines have been used as high pass 
matching adaptors, for both, harmonic and transient signals.  
When discussing frequency domain applications, the work 
presented by Collin [6] constitutes the reference for 
exponentially varying tapered transmission lines adaptors. In 
[7] Klopfenstein proposes an optimum tapered adaptor that 
presents the minimum reflection coefficient at the entrance for 
a determined length. 
Propagation of short pulses along tapered transmission lines 
has been investigated for applications ranging from laser 
driving circuits [8-11] to adaption of UWB circuits and 
antennas [12, 13].  
In [14] Baum and Lehr analyze the use of tapered 
transmission line transformers for high voltage pulses, 
Design and Realization of a Coaxial 
Exponential Transmission Line for a Half 
Impulse Radiating Antenna 
Felix Vega, Farhad Rachidi, Nicolas Mora, Nestor Peña, Francisco Roman 
A 
 2 
concluding that the exponential profile adaptor minimizes the 
pulse drop after the initial rise time. 
In [15] the construction of a linearly varying coaxial adaptor 
for HIRAs is presented.  
 
Source Transmission 
line (Zo)
ZL
Impedance 
transformer
Load
xx=0 x=L
Z(x)
Port 1 Port 2
Vs
Zo
Vi
VL
Zi
 
Fig 2 Circuit diagram of the Impedance adaptor  
 
III. EXPONENTIALLY TAPERED TRANSMISSION LINE 
 
A circuit diagram of a tapered transmission line (TL) for 
matching a source to a load can be seen in Fig 2. The 
characteristic impedance of the matching line Z(x) should vary 
smoothly as a function of the distance x, from the impedance 
of the source Z0 at Port 1 x=0, to the impedance of the load ZL 
at Port 2 x=L. 
The quality of the matching in the frequency domain can be 
expressed in terms of the reflection coefficient at Port 1 (f): 
 
0
( )
( )
( )
i o
i
Z f Z
f
Z f Z

 

 (1) 
where Zi is the input impedance of the matching TL. 
(f) depends on the length of the matching TL L, the 
variation of the impedance as a function of x and the frequency 
of operation f.  It can be evaluated [6] by solving the 
differential equation: 
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- and vp is the wave propagation speed. 
 
If Z(x) is assumed to vary exponentially,  
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an analytical solution for the equation  (2) can be derived [6]  
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where Le is the equivalent electric length of the line defined as 
 e rL L   (6) 
The exponential factor a can be determined as a function of 
the source and load impedances 
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And the factors C, and R in (5) are given by: 
 
0
LZC Ln
Z L
 
  
 
 (8) 
 
2 24R C   (9) 
when  >> C/2 equation (9) reduces to: 
 2R   (10) 
And equation (5) reduces to: 
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From equation (11) it can be deduced that (f) depends on 
the ratio Le/The bigger Le the faster decreases in 
frequency. 
However, due to space restrictions the line should not be 
larger than 0.7 m. Therefore in order to increase the electric 
length of the line, a dielectric filling material with r = 2.2 was 
chosen.  
Replacing these values in equation (5) and taking into 
account that the required minimum matching frequency is 50 
MHz, the calculated physical and electrical lengths of the line 
to ensure a reflection coefficient (f)<-10 dB are given by: 
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 (12) 
Fig 3 shows (f) as a function of the frequency. It can be 
seen that matching criterion (f)<-10 dB is fulfilled for 
frequencies above 50 MHz 
 
 
Fig 3 Reflection coefficient at the input of the exponential transmission line 
vs frequency. The minimum matching frequency is 50 MHz. 
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Fig 4 Magnitude of the voltage transfer functions in frequency domain. 
 
The transfer function T between VL(f) and Vi(f) can be 
evaluated as [8]: 
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The voltage “amplification factor” G(f) of the taper can be 
defined as: 
 ( ) 2 ( )L
i
V
G f T f
V
   (16) 
The factor G(f) can be thought of as the ratio of the voltage 
effectively delivered to the load (ZL=100 ) and the voltage 
that would have been delivered in the absence of the taper and 
for a matched load (ZL=50 ).  
Fig 4 shows both T(f) and G(f) as a function of frequency. It 
can be seen that at high frequencies, VL(f) is 70% of Vs(f). At 
the same frequency range, it can be seen that VL(f)  is 1.4 times 
as large as Vi(f).   
 
A. Taper Geometry Design 
 
The tapered transmission line performs a physical transition 
between the exit connector of the generator (Coaxial N, 
chassis-mount connector), and the antenna’s input connector. 
At the input port, the sizes of the inner (r1) and outer (r2) 
conductors of the taper should correspond to the N-type 
chassis-mount connectors, namely: 
 r(1)=1.5(mm),  r2(0)=5.2(mm)  (17) 
At the output port, the taper is connected to the coaxial entry 
port of the antenna, with radiuses: 
 
1 2r (L)=2.5 (mm),  r (L)=30 (mm)  (18) 
It can be seen that the radius of the inner conductor must 
vary from 1.5 mm to 2.5 mm over a length of 600 mm, 
following some progressive profile. The simplest assumption 
is a linear variation between these two values. Manufacturing 
such a geometry in a CNC machine or in a lathe is quite a 
challenge. In order to avoid that, the whole taper was divided 
in three sections, the profile of which is illustrated in  Fig 5.  
 
 
Fig 5 Profile of the taper as a function of the longitudinal distance (x and r 
axes are not in the same scale) 
 
In section 1, we have a 30-mm long, 50 coaxial conical 
transmission line. In this section, both the inner and the outer 
conductors increase linearly with the longitudinal distance. 
In section 2, we have a coaxial exponential transition, with 
an impedance varying from 50 to 100, over a total length 
of 600 mm. 
 Finally, in section 3, we have a 30-mm long, 100 coaxial 
cylindrical transmission line. 
The overall length of the taper is 660 mm. The description of 
the sizes and lengths of the sections are given in  
 
TABLE 1 GEOMETRICAL AND ELECTRICAL PARAMETERS OF THE EXPONENTIAL 
TAPER’S THREE SECTIONS. 
 Section 1 Section 2 Section 3 
Type Co-Conical Exponential Coaxial 
x x=0 x=30 x=30 x=630 x=630 x=660 
r1 1.5 2.5 2.5 2.5 2.5 2.5 
r2 5.2 8.5 8.5 30 30 30 
Z(x)  50 50 50 100 100 100 
 
Along the exponential section of the line (section 2), the 
characteristic impedance is given by: 
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where r1(x) is constant and given by: 
  1 2.5 ( )r x mm  (20) 
Using equation (19) and (20) r2(x) can be calculated as: 
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A plot of the variation of the taper impedance as a function 
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of the longitudinal distance x is shown in  
 
  
Fig 6 The impedance of the tapered transmission line along the longitudinal 
distance 
 
 
 
Fig 7 2-D geometry simulation setup. The profile defined in Fig 5 was 
imported in Comsol ®.   
 
B. Numerical Simulations 
Frequency Domain Simulations  
The designed taper was simulated in frequency domain using 
the 2D-axial symmetry, frequency-domain TM-wave module 
in Comsol®.  
The geometry used in the simulation is presented in Fig 7. It 
consists on a 2-D cut of the taper line. In order to compare the 
results with the analytical solution (11), we have considered a 
purely exponential profile along the taper. The inner and outer 
conductors are modeled as perfect electric conductors (PEC). 
The central axis of the coaxial is the rotational symmetry axis 
of the geometry. A signal, 1 W in power was applied to Port 1 
(50 ). At the output port (Port 2) a 100  coaxial port was 
defined. The frequency range of the signal is 50 MHz to 500 
MHz.  
 
 
Fig 8 Simulated and analytical (f). 
 
Fig 8 depicts simulated results for falong with the 
theoretical results obtained using (11). It can be seen that the 
analytical solution (11) yields results in very good agreement 
with numerical simulations.  
 Fig 9 presents simulated values of S21 as a function of 
frequency. Note that at high frequencies, the obtained values 
for S21 are very close to 0 dB, meaning that all the energy 
coupled to Port 1 reaches Port 2 
 
 
Fig 9 S21(dB) obtained by simulation 
 
The magnitude of the simulated and analytical transfer 
functions are shown in Fig 10.The simulated T(f) was 
calculated using the scattering parameters produced by the 
simulation as follows [16]: 
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Fig 10 Transfer function T(f) obtained by numerical simulations and using 
Equation (22) . Both graphics coincide.  
 
Time Domain Simulations  
 
In order to analyze the distortion and attenuation of the 
applied signal while traveling through the taper, a time domain 
simulation was carried out.   
The taper was simulated using the time-domain 2D-axial 
symmetry, TM-wave, module in Comsol®.  The geometry is 
the same one illustrated in Fig 7 
A voltage source producing a double exponential pulse VS(t) 
was connected to Port 1. The output impedance of the source 
is 50  Port 2 is terminated on a coaxial impedance of 100 . 
The signal of the source is defined as: 
  ( ) t tS pV t V e e     (23) 
where: 
=3e8 s-1, 
=1e9 s-1,  
Vp=2.42 V 
The rise time and decay time of VS(t) correspond to the 
waveform of the pulser which will be applied to the HIRA, 
namely rise time=800 ps, FWHM= 4.7 ns. 
The signal at the source Vs(t), at the input port Vi(t),  and at 
the load VL(t) are shown in Fig 11. Note that the rise time of 
the output pulse is preserved.  
The amplitude of VL(t) is 70% of Vs(t), therefore an  
“amplification” factor G =1.4 can be inferred, as predicted by 
equation (16). 
 
 
Fig 11 Simulation results. Voltage at the source, input and load. Note that the 
rise time of the signal at the load is preserved 
IV. LINEAR COAXIAL TAPER 
In this Section, we will compare the performance of the 
exponential taper with that of a coaxial linear taper of the same 
electric length. 
A. Taper Geometry Design 
The linear taper is generated by varying linearly the radius of 
the conductors. The linear taper is again divided in three 
sections similar to the exponential taper (see the profile in Fig 
12).  
The inner conductor of the linear taper is identical to the 
inner conductor of the exponential taper. The overall 
geometrical and electrical parameters are summarized in Table 
2. 
TABLE 2 GEOMETRICAL AND ELECTRICAL PARAMETERS OF THE LINEAR 
TAPER’S THREE SECTIONS. 
 Section 1 Section 2 Section 3 
Type Co-Conical Linear Coaxial 
x x=0 x=30 x=30 x=630 x=630 x=660 
r1 1.5 2.5 2.5 2.5 2.5 2.5 
r2 5.2 8.5 8.5 30 30 30 
Z(x)  50 50 50 100 100 100 
 
 
Fig 12 Profile of the linear taper 
 
In section 2, the outer conductor of the linear taper is 
described by the linear equation: 
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 2 ( ) 7.4 3.58 ( )
30 mm  x  630 mm
r x x mm 
 
 (24) 
The impedance of the taper along the linear section 2 is 
given by 
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Fig 13 presents the variation of the impedance as a function 
of the axial coordinate along the taper. 
 
 
Fig 13 The impedance of the linearly tapered transmission line along the 
longitudinal distance 
Frequency Domain Analysis   
The reflection coefficient can be obtained by inserting (25)  
in (2) and solving the resulting differential equation. Collin in 
[6] simplifies equation (25) by neglecting the re-reflections in 
the line, leading to equation (26), that can be evaluated 
numerically using Mathematica®: 
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The magnitudes of the reflection coefficient of the linear and 
exponential taper are presented in Fig 14.  Note that the 
minimum matching frequency coincides in both cases. 
However, in the exponential case the reflection coefficient 
decreases faster with frequency, indicating a better matching as 
the frequency increases. 
Time Domain Simulations  
The linear taper was simulated in time domain using the 2D 
axial symmetry, TM wave module in Comsol®. The 
simulation setup is equivalent to the one described in Section 
III. B. Again, we have considered here a pure linear taper. 
The input and output signals are shown in Fig 15.  It can be 
seen that, as for the exponential taper, the impulse voltage is 
not distorted while traveling through the linear taper. The 
amplitude of the output impulse is again 70% of that of the 
impulse at the source, therefore a gain factor G= 1.4  can be 
inferred. 
 
 
Fig 14 Magnitude of (f) at the entrance of the linear and exponential tapers. 
Note that the matching frequency in both cases is 50 MHz, however (f) 
decays faster for the exponential taper. 
 
 
Fig 15 Signal at the source and signal at the load. The rise time of the output 
pulse is preserved. 
V. EXPONENTIAL TAPER VS. LINEAR TAPER 
Question arises on whether to use an exponential or a linear 
taper.  
We have seen (Fig 14 ) that in the frequency domain, the 
two tapered lines behave similarly at low frequencies (<100 
MHz). At higher frequencies, the exponential taper 
outperforms the linear taper. In time domain, for the 
considered impulse characterized by a 800-ps risetime, both 
tapers result virtually in the same output impulse. 
Therefore, we can conclude that for this specific application 
the results of both tapers are identical. However, in a different 
scenario, the exponential taper can be more convenient; for 
example if a faster signal, with most of its spectral content 
located in high frequency, is applied, the exponential taper will 
produce less distortion to the signal. 
Another point to consider is that the HIRA can be used for 
radiation of sinusoidal signals as well. In that case, for 
frequencies exceeding 100 MHz, the exponential taper would 
be definitely a better choice. 
Regarding the mechanical construction of the tapered line, 
the linear taper appears to be easier to fabricate, for example 
 7 
using a lathe. However, producing a conical profile over such 
a length, using a lathe is not a plausible alternative. Carving 
the line’s profile would require the use of a CNC machine, as 
it will be described in Section VI. In this case carving either an 
exponential or a linear profile represents the same challenge. 
In conclusion, the exponential taper has a better performance 
in frequency and its construction does not represent any extra 
effort compared to a linear taper.  
 
 
 
 
 
 
Fig 17 Pieces forming the external conductor  
 
VI. MECHANICAL DESIGN AND CONSTRUCTION OF 
THE EXPONENTIAL TAPER 
The taper is composed of three parts: the outer conductor, 
the inner conductor and the dielectric. 
The inner conductor is formed by a copper conductor, lathed 
according to the 3-section profile (see Table ) 
The Outer conductor was fabricated in aluminum using a 
CNC machine. Due to mechanical constraints, the conductor 
cannot be manufactured from a single solid piece. The CNC 
machine cannot carve into the metal on the axial direction x, 
over the total length of 0.66 m. Instead of that, the external 
conductor was split longitudinally in two halves and each half 
was carved tangentially according to the defined profiles for 
each one of the three sections of the taper.  
The dielectric filling material selected for this taper is 
mineral oil used in transformers (r=2.2). The oil fills sections 
1 and 2. At section 3 a plastic cap made of high density 
polyethylene was inserted, in order to contain the oil inside the 
cavity. The plastic cap has nearly the same dielectric constant 
(2.2), assuring therefore the impedance continuity. 
A 3-D view and a cut view of the CAD model generated in 
solidworks® is shown in Fig 16 
A photograph of the machined metallic halves is shown in 
Fig 17 and the assembled tapered line can be seen in Fig 18. 
 
 
 
Fig 18 Assembled exponential taper (Dummy image) 
 
VII.  TIME DOMAIN MEASUREMENTS 
The response of the exponential tapered line was measured 
using a Tecktronix® SD-24 Time Domain Reflectometer 
(TDR).  The TDR was connected to Port 1 (input of the taper). 
Port 2 (taper output) was connected to a 100  coaxial (in the 
images appears open circuit in the first case and short in the 
second case). 
Outer conductor 
Inner conductor 
Plastic end 
Fig 16 Cut view (right) and 3-D exploded view (left-bottom) 
of the exponential taper 
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The first measurement was performed before injecting the oil 
inside the coaxial. The result is presented in Fig 19. As 
expected the impedance of the adaptor appears to be scaled by 
a factor 2. From this figure, one can see (i) the discontinuity 
at Port 1, from 50 to 70 , (ii) the linear impedance transition 
from 70 to 140  and (iii) the discontinuity from 140 to 100 
 Notice the 100  section (section 3) present at the end of 
the line, corresponding to the segment filled with Poly-
Ethylene.  
A second measurement of the taper, filled with oil is 
presented in Figure 1. The quasi-linear transition between 50 
to 100 can be clearly seen. From this figure it can be 
concluded that neither dispersion nor tangent losses are 
detectable in the filling oil. 
 
Fig 19 Time domain reflectometry of the coaxial in air (Dummy image) 
VIII. FREQUENCY DOMAIN MEASUREMENTS  
The adaptor was characterized in frequency domain. A HP-
Model Vector Network Analyzer (VNA) was connected to 
Port 1. Port 2 was terminated using a coaxial 100  load. The 
measurements were performed over a frequency band from 10 
kHz to 300 MHz  
The results of the measurement and the analytical 
calculation of f) are presented in Fig 21. It can be seen that 
the theoretical results are in good agreement with experimental 
data and the minimum matching frequency of adaption is 
below 50 MHz. The first resonant frequency is about 157 MHz 
As the frequency domain measurements shows, the adaptor 
works better at high frequencies. However, at frequencies 
lower than the 50 MHz limit, the reflection coefficient remains 
near the -10 dB adaption threshold. In fact, near DC the 
transmission line is much shorter than the wavelength and the 
impedance that is seen at Port 1 is directly the impedance of 
Port 2, being the reflection coefficient: 
 ( ) -9.54 (dB)L o
L o
Z Z
DC
Z Z

  

 (27) 
This fact and the calculated transfer function showed in Fig 
10 explain why the tapered adaptor can transport pulse signals, 
preserving the rise time (high frequency content) without 
attenuating in high degree the decaying part of the pulse (low 
frequency content). 
 
Fig 20 Time domain reflectometry of the exponential taper filled with oil. 
Notice the quasi-linear transition between 50 and 100  (Dummy image) 
 
 
 
 
 
 
Fig 21 Measured and calculated magnitude of the reflection 
coefficient. 
IX. CONCLUSIONS 
Theoretical analysis, simulation and design of a coaxial 
exponentially tapered adaptor were presented and discussed. 
Time domain and frequency domain measurements, showing 
good agreement with the theory, were presented.  
100  
 
Port 1 
 
 
50  
 
Connector 
 
Port 2 
 
 
Short C 
 
L=66 cm 
 
 100  
 
Port 1 
 
 
71  
 
143  
 
Port 2 
 
 
Open C 
 
L=66 cm 
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The results obtained suggest that this device can be 
effectively used for connecting a 50 sources (either a pulser 
or a continuous wave generator) to a 100 HIRA. 
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3.1 Introduction 
A fast impulse generation system based on the discharge of a previously charged 
capacitance through corona effect was proposed by Roman in the late 1990s (the so-
called Roman Generator RG) [1].  
The purpose of the RG was to reproduce lightning subsequent return stroke 
current derivatives for testing Surge Protective Devices (SPDs).  During the past 
decade, different generator prototypes were designed, constructed and tested [2-5]. Each 
version is an improved model depending on the intended problem to be solved. Diaz 
presented in [3] a high current RG that is able to produce pulses up to 10 kA with rise 
times in the order of tens of nanoseconds on very low impedances, Mora et al [6] 
presented a sub-nanosecond RG able to produce on a 100-Ω resistor a 10-A current 
pulse with a risetime of 600 ps. As described in [2], the RG was connected to a discone 
antenna to radiate electromagnetic impulses. Vega et al [7] presented the design of a 
mesoband high power electromagnetic radiator based on the subnanosecond RG and a 
switched oscillator.  
One of the goals of the research work presented in this thesis is to study the 
radiation of the electromagnetic pulses produced by an RG connected to a Half Impulse 
Radiating Antenna (IRA). During the development of this work two versions of RG 
were built. The first prototype permitted the study of gas discharges in pressurized spark 
gaps and the study of corona currents in floating electrodes. The innovative 
characteristic of this prototype was the use of a depressurized corona chamber and a 
high pressure spark gap filled with SF6. As a conclusion of this work, a model of the 
pulse repetition frequency of the generator was developed.  
The geometry of the second prototype was conceived to be adapted to an already 
designed Half Impulse Radiating Antenna (HIRA). A pressurized coaxial pulse forming 
line (PFL) with an integrated spark gap was designed. The PFL is charged by corona 
currents and subsequently discharged into the antenna. As in the previous prototype, a 
depressurized corona chamber was built. This prototype demonstrated the feasibility of 
radiating fast pulses produced by the RG. 
This chapter presents the results of the work developed on the pulse generator 
charged with corona currents. In Section 3.2, a brief theoretical review on corona effect 
is presented. Section 3.3 presents a theoretical circuit model for the RG, allowing the 
derivation of an expression for the achievable pulse repetition frequency. Section 3.3.2 
presents the two developed RG prototypes. Experimental setups for the measurement of 
the pulse repetition frequency are also described in this Section, as well as comparison 
with theoretical results. Conclusions are presented in section 3.4 
3.2 Theoretical Background  
Corona discharges have been the subject of wide discussion among the scientific 
and engineering community since long date. Summarizing the up to-date research on 
this area is a challenging task. In what follows, we will present an overview of some the 
landmark studies. 
We can start by mentioning the pioneering work developed by the end of the 19th 
century by Röntgen, who studied corona currents in point-to-plane geometries. In 1929, 
Peek [8]  published a landmark paper in which he determined the electric field threshold 
for producing corona in coaxial conductors. The criterion for the initiation of streamers 
was obtained independently by Penning and Peek (see [9]). Perhaps the work that 
contributed the most to the understanding of these phenomena was conducted by the 
team headed by Loeb at the U.C Berkeley over a period of time starting from the 1930s 
to the 1960’s. During this period, corona effect associated with both polarities were 
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studied and characterized in a systematic and extensive way. This work is summarized 
in [10]. Other important works were presented by Sigmond [11] -[12], and Nasser [13].  
During the past two decades, the use of high speed broadband digital acquisition 
systems and numerical processing and simulation techniques resulted in  a more in-
depth characterization of the corona effect (see e.g. [14, 15] and [16-18]). 
3.2.1 Townsend Process    
With the aim of defining the terminology used in the description of the corona 
effect, the Townsend discharge is briefly introduced in this section.  
The Townsend discharge is a process in which a gas becomes ionized by the 
action of an avalanche of free electrons accelerated by an electric field. We present here 
a brief summary based on  [19].  
The experiment performed by Townsend consists of a gas, placed between two 
electrodes separated by a distance d, producing a uniform electric field. The electrodes 
are connected to a high voltage DC source and the gas is radiated by a source of ultra 
violet light (UV).  
Free electrons are produced in the gas by the action of the UV radiation and are 
accelerated by the interlectrodic electric field, acquiring high kinetic energy. Free 
electrons also collide with the surrounding gas molecules, producing more free carriers, 
which partially ionize the gas. These processes produce an exponentially increasing 
current I, flowing between the electrodes, which is presented in equation (3.1): 
 
 0
dI I e  (3.1) 
where: 
I0 is a saturation initial current  
d is the inter-electrodic gap distance 
 is the Townsend’s first ionization coefficient, defined as the number of electron 
produced by an electron per unit length of path in the field direction. 
  
Depending on the electronegativity of the gas, some free electrons can reattach to 
the gas molecules, decreasing the value of the current expressed in equation (3.1) This is 
represented by the attachment coefficient (), defined as the number of attachments 
produced by an electron travelling 1 cm in the direction of field [19]. When the effect of 
 is included, equation (3.1) can be rearranged as: 
 
 ( )0
dI I e      
       (3.2) 
 
The effective ionization coefficient (´) can be defined as: 
 
'     (3.3) 
 
This coefficient ´ depends on the type of gas, pressure and specially, the applied 
electric field. Loeb in  [20] proposed the following expression for the calculation of ´: 
 
 
2
0
' 1EAp
E
         
 (3.4) 
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where: 
p is the gas pressure  
E is the applied electric field  
E0 is an electric field threshold, below this value ´ is lower than zero and the 
avalanche process can’t take place 
A is a constant dependent on the gas type. 
 
The velocity of the positive ions in the electric field is low, compared to the free 
electrons. Therefore, the effect of the movement of positive ions on the total current can 
be neglected. However, additional free electrons are produced at the cathode by the 
impact of the surrounding positive ions on the metallic surface of the electrode. These 
additional electrons increase the effective current intensity. The Townsend secondary 
emission coefficient () representing this process (other existing secondary emission 
processes are not considered here) can be included into Equation (3.1), leading to: 
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
    (3.5) 
 
When the denominator in (3.5) is zero the current tends to infinity: 
 
  1 1de    (3.6) 
 
1 1de    (3.7) 
If the attachment is taken into account, the secondary emission coefficient can be 
included in (3.2). The current tends to infinity when: 
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 (3.8) 
Since e’d>>1 and . 
 
At some point the electric field is high enough to produce a condition where the 
effect of the avalanches is cumulative and the discharge grows rapidly producing and 
spark between the electrodes, this implies: 
 
 ' 1 1de      (3.9) 
Equation (3.8)  is called therefore the Townsend criterion for spark formation.  
 
3.2.2 Corona Effect 
The Townsend’s discharge is a process that takes place in uniform electric field 
distributions. In non-uniform fields the ionization of the gas is a partial and localized 
phenomenon and that doesn’t necessarily imply the occurrence of a spark between the 
electrodes. The ensemble of phenomena describing the partial gas ionization in non-
uniform fields is called Corona effect, or Corona discharge. 
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Goldman defines a corona discharge as [21]:  
 
“…a gas discharge where the geometry confines the gas ionizing processes to 
high-field ionization region(s) around the active electrode(s)”. 
  
The phenomenon appears when the gas surrounding a conductor is ionized by a 
non-uniform electric field that surpasses a certain threshold, but is not high enough to 
cause a complete electric breakdown. The threshold is known as corona inception 
electric field (E0), V0 being its corresponding exciting voltage.  
The phenomenon has been studied in multiple configurations, i.e point-to-plane 
arrangement, coaxial conductors, and parallel conductors, among others. Depending on 
the frequency and polarity of the applied voltage, different types of corona can be 
considered: DC (positive or negative), AC (50 or 60 Hz), high frequency (RF for 
example), or pulsed. For the case of the present study, DC excitation and point-to-plane 
geometry are of interest.  
Depending on the polarity of the applied voltage, the effect is qualitatively 
different. Therefore, positive and negative coronas are discussed separately.  
 
3.2.2.1 Electric Field in Point-to-Plane Geometry 
The geometry used during the development of this project is based on a point-to-
plane arrangement.  
The point-to-plane geometry consists of two conductive electrodes separated by a 
dielectric space. As its name indicates, one of the electrodes is a sort of cylinder, with a 
pointy end of radius rp, and the other one is a flat plane. The dielectric space between 
the electrodes is d. The voltage difference is provided by a source Vs connected to the 
arrangement (see Figure 3.1 for details). 
Calculation of the electric field in the point-to-plane arrangement requires the use 
of a coordinate system where the surface of both point and plane coincide with the 
coordinate axes of the system. In [22], Nikolopoulos proposes a paraboloid coordinate 
system that approximates well needles with long radii and big aperture angles, which is 
not our case. Coelho in [23] proposes a hyperboloid coordinate system, more suitable 
for our application. In this system the needle is a hyperbola with a small aperture angle, 
and the plane is approximated by a hyperbola with an aperture angle of 90°. The same 
coordinate system is used by Lama in [24]. 
 
Figure 3.1 Point-to-plane arrangement. Drawing not to scale. Vs is the applied voltage, rp is the 
curvature radius of the needle, d is the interelectrodic distance, 0 is the permittivity of the vacuum. 
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A thorough explanation of the work, notation and conclusions of Coelho’s study 
is beyond the scope of this chapter. We limit ourselves in presenting the resulting 
distribution of the electric field along the central axis of the geometry. This distribution 
depends only on the applied voltage (Vs), the radius of the tip of the point (rp) and the 
inter-electrode distance (d): 
  ( ) (2 ) ( ) 2 /sp p
VdE x
x d x d x r Ln d r
     (3.10) 
where: 
x is the distance between the electrodes, measured starting at the pointy electrode 
 
At the tip of the point, x=0 and the electric field is: 
 1( 0) 2 /s p
VE x
r Ln d r
 
 (3.11) 
At the surface of the plate the electric field is: 
  
  1( ) 2 /s p
VE x
d Ln d r
  (3.12) 
 
The electric field of a point-to-plane arrangement corresponding to the Prototype 
2 (see section 3.3.2.2) is presented in the following paragraphs.  
The parameters of the arrangement are:  
 rp=80 m 
 d= 4 cm 
 Vs=20 kV.  
 
 
Figure 3.2  600 X Microphotography of the tip of the Prototype 2 needle (left). The scale is in in 100’s of m. Detail
of the axial symmetric profile after processing (right), only the left halve of the picture was considered.  Notice that
images are not in the same scale. 
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The radius of curvature of the tip of the needle was determined from a 
microphotography; see Figure 3.2 (left). Figure 3.3 shows the electric field calculated 
along the axis of the arrangement.  
 
Figure 3.3 Electric field along the axis of a point-to-plane geometry. Electric field is in logarithmic 
scale. Notice that in the vicinity of the tip the electric field surpasses 100 MV/m and just 1 cm in direction 
of the plane it drops down to 500 kV/m 
 
The same geometry was simulated in Comsol®. The coordinates of the surface of 
the needle were extracted from the microphotography using the software Engauge®, see 
Figure 3.2 (right). The data was imported in Matlab® and transformed into a table that 
was exported to Solidworks® to produce a 2-D CAD file. This was imported in Comsol 
® and simulated using the 2-D axial symmetrical electrostatic module. The simulated 
geometry can be seen in Figure 3.4 
 
Figure 3.4 Simulation setup of the Prototype 2 point-to-plane arrangement in Comsol ®.  A detail of the tip of the 
needle is included in the figure. 
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  The resulting axial electric field can be seen in Figure 3.5. Notice that the values 
obtained are acceptably close to the data in Figure 3.3, despite the fact that the level of 
detail obtained with this microscope is quite low (amplification factor=600 X). 
 
 
Figure 3.5 Axial electric field of the Prototype 2 point-to-plane arrangement, obtained by simulation. A 
comparison with results shown in Figure 3.3 indicates that the theoretical predictions assuming the pointy 
electrode as hyperboloid are in acceptable agreement with the simulations. 
+V
Ground
Needle
 
Figure 3.6 Isopotential curves (colors) and electric field stream lines (red) of the Prototype 2 point-to-plane 
arrangement. Dimensions of the geometry are in m. The isopotential lines follow a hyperboloidal 
trajectory near the pointy electrode. 
The resulting electric field stream lines and isopotential lines can be seen in 
Figure 3.6. This coincides with the patterns reported by Sigmond in [12]. Figure 3.7 
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shows a detail of the electric field magnitude distribution. It can be seen that in a small 
region around the tip of the needle a strong concentration of electric field occurs. 
 
 
Figure 3.7 Electric field Stream lines (red) of the Prototype 2 point-to-plane arrangement.  Electric 
field contour levels (colors). The scale of colors is in MV/m. The radial and axial distances are measured 
in m.  Notice the strong intensification of the electric field around a region of a few hundreds of 
micrometers around the point. 
3.2.2.2 Negative Corona 
In negative corona the curved electrode of the point-to-plane arrangement acts as 
cathode. The electric field within the inter-electrode space conditions the relationship 
between the rate of production and removal of charges around the pointy electrode and 
therefore the modes of the corona discharge [25]. 
As it was shown in Figure 3.5, Figure 3.6 and Figure 3.7, the electric field at the 
inter-electrode space in a point-to-plane geometry is highly non uniform. The ionization 
coefficient  is therefore dependent on the distance from the pointy electrode, being 
more intense near the point and fading away rapidly with x. In such geometry, Equation 
(3.8) must be re-written in order to take into account the distribution of the electric field:  
 
 
0 0
' ( ) 1r rdx x dxe e
  

    (3.13) 
where: 
 represents the threshold after which the avalanche starts. 
x is the distance measured from the tip of the pointy electrode, while  
the interval x<rcorresponds to the region where the net ionization coefficient is 
greater than 0, ´x) > 0 
 
Due to the intense field, the metal of the cathode releases electrons by secondary 
emission process and avalanches are initiated at the needle tip and travel to the anode. 
However, due to the non-uniformity of the electric field, the avalanche stops at the 
border of a region (ionization region S in Figure 3.8 ), where the net ionization 
coefficient is zero. Two regions of space charge are then formed between the electrodes, 
changing the distribution of the background electric field. On the cathode side, within S, 
positive ions concentrate. Free electrons traveling beyond S are attached to the 
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molecules of the gas (Oxygen in air), forming negative ions that gather creating a 
negative space charge region (Drift region N) between the border of S and the anode 
[25] (see Figure 3.8). 
The magnitude of the applied voltage and the distribution of the spatial charge 
change the dynamics of these two zones, establishing different negative corona modes, 
which appear as the voltage increases.  
 
 
Figure 3.8 Ionization (N) and drift (S) regions in a point-to-plane arrangement. The size and colors 
of the zones are just for illustrative purposes.  
 
3.2.2.2.1 Trichel Mode 
Above the onset electric field, the zone S (positive in sign) is confined near the 
cathode. The presence of N decreases the background electric field within S; 
additionally secondary avalanches from the cathode neutralize the positive charges 
within S, until reducing the electric field bellow the onset value, and stopping the 
discharge. Eventually, the negative ions are dispersed by the applied field, the initial 
conditions are reestablished and a new cycle begins  [26].  
This intermittent discharge is detected as a series of negative pulses known as 
Trichel pulses, named after G.W Trichel who documented this phenomenon in the 
1930’s [27].  
The duration of the pulses is in the order of nanoseconds and the dead time is in 
the order of milliseconds. In short gaps the amplitude is in the order of microamperes, 
growing to the range of milliamperes in long gaps. The frequency of the pulses 
increases with the applied electric field, its maximum or critical value, after which the 
next mode appears, depends on the length of the gap; this value can range from a few 
kHz up to a few MHz [26],[10]. 
  
3.2.2.2.2 Negative Pulseless Glow Mode 
At higher voltages, the electric field removes more efficiently the negative 
charges from the region N, preventing the suppression of the discharge. During a certain 
range of voltages, the discharge is self-sustained, new avalanches develop and the 
negative ions are removed, creating a continuous-like current that can be measured in 
the external circuit. 
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3.2.2.2.3 Streamers Mode 
As the voltage is further increased, negative streamers develop and extend into the 
interlectrodic space. The current measured in the external circuit is quite stable, 
although low frequency pulsation appears, product of the changing length of the 
streamers. 
3.2.2.3 Positive Corona 
In positive corona discharges, the pointy electrode acts as the anode. When 
voltage (Vh) is applied, the electric field near the pointy electrode is intensified. 
Depending on the magnitude of Vh different processes or modes develop.  
3.2.2.3.1 Burst Corona Mode 
If Vh is slightly above the inception level, a zone (S) of radius r is created around 
the anode in which the electric field is higher than E0. The electrons of the gas contained 
in S are accelerated towards the anode, detachment occurs and the produced free 
electrons move in direction of the anode, creating new ions when colliding with neutral 
molecules. Due to its lower mobility the positive ions produced during the process form 
a cloud around the anode, creating an “extension” of the anode and deforming the 
electric field in the surrounding region. A second generation of avalanches is created 
and the electrons and cloud are neutralized. The process repeats continuously, and can 
be detected as a current consisting of small positive pulses.  
3.2.2.3.2 Onset Streamer Mode 
This mode manifests as the development of radial streamer channels that extent 
into the low field region. As a result of the avalanches and the subsequent absorption of 
the electrons at the anode, a large number of positive ions appears in the low field 
region, in front of the anode, dropping the magnitude of the electric field below the limit 
for ionization and stopping the streamer discharge. Eventually, the remaining charge is 
removed from the inter-electrode space and the discharge re-starts. This mode can be 
detected as a current consisting of higher amplitude pulses with low repetition 
frequency. 
3.2.2.3.3 Glow Mode 
As Vh increases, the electric field becomes high enough to remove rapidly the 
positive charges from the inter-electrode space, but not high enough to produce radial 
breakdown streamers. As a result, a steady discharge develops around the anode and can 
be detected as a luminous thin glow. This mode produces a DC quasi-stable current 
superimposed on small pulsating components.  
3.2.2.3.4 Breakdown Streamers Mode 
At still higher values of Vh the glow discharge cannot sustain and streamers 
develop in the inter-electrode space. This is characterized by the occurrence of irregular 
high amplitude current pulses. At some point the electric field is high enough to produce 
streamers connecting the two electrodes and breakdown occurs 
3.3 Pulse Generator Charged by Corona Currents (Roman Generator)  
The principle of operation of the RG was presented by Roman in [1] and is 
reproduced in Figure 3.9. A DC high voltage electrode (HV) produces a uniform 
electric field in which a metallic floating electrode (FE) is inserted. The FE has a 
protrusion (i.e a point or needle) that distorts and amplifies the surrounding electric 
field. If the corona onset electric field is reached on the protrusion, the FE becomes 
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charged by corona ionic currents and the net charge on the FE will be different from 
zero. This charging mechanism is called “corona self-charging mechanism”. 
While the FE is acquiring electrical charge, its electrical potential increases 
progressively with respect to a grounded electrode. This electrical potential could finally 
lead to a breakdown on the spark gap inserted between the FE and the grounded 
electrode (GE) which is connected in series to the load. The process is continuous; 
leading to, a periodic charge-discharge process. 
The rise-time of the pulse depends on the characteristics of the spark gap between 
FE and GND, as it was discussed in the previous chapter. 
Several models explaining the charging mechanism of the RG have been 
developed; in particular [28] and more extensively [5] presented a suitable model for 
calculating the mean value of the DC corona current in a floating electrode. 
 
Figure 3.9 General Scheme of the Roman Generator 
 
3.3.1 A Circuit Model of the RG 
In  [29] Jones et al derived an expression for calculating the mean value of the 
corona current in a point-to-plane geometry. This expression reads: 
 
 0
2 ( )( )
3
e
c oI V V Vd
    (3.14) 
  
where: 
e is the ion mobility @ 1 bar 
 
2
42.25 10e
m
Vs
          
0 is the permittivity of the gas  
d is the distance between the point to the plate distance in centimeters 
V is the voltage of the HV plate and 
V0 is the corona inception voltage 
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The above expression applies to the case where the point electrode is grounded 
and not floating as in the case of the RG. In what follows, we will adapt Jones et al. 
analysis to the case of a floating electrode. 
An equivalent circuit of the plane-to-floating point was discussed in [28] and is 
presented in Figure 3.10. When the pointy electrode is floating, the capacitance C 
formed between the FE and the ground starts charging as the current flows, decreasing 
the difference of potential between the point and the plane (Ve=V-Vc(t)); indeed if V-
Vc(t)<V0, at some time t, the discharge stops. If on the contrary V is high enough to 
compensate the dropping of the effective voltage, the discharge continues until Vc(t) = 
Vbd . In this moment the spark gap closes, transferring the charge stored in C into Rload. 
 
Figure 3.10 Circuit representation of the RG: C is the capacitance between the floating electrode 
and ground. Cgap is the capacitance of the spark gap. Ic(t) represents the voltage dependent corona current 
source, V is the voltage applied to the plane electrode by the source, Vc(t) is the voltage of the FE,  Vbd is 
the breakdown voltage of the spark gap, Rload is the load resistance. 
 
The effective voltage exciting the geometry is not anymore a constant value V, but 
V – Vc(t), where Vc(t), is the voltage of the FE. If the capacitance of the gap (Cgap) is 
neglected, the following equation can be proposed:  
   0 0
0
21 ( ) ( ) ( )
3
T
e
c c c cI I t dt V V t V V t VT d
             (3.15) 
As Ic represents a DC or mean value, Equation (3.15) is valid only during a time 
T=t during which Vc(t) can be considered constant. This leads to: 
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The Corona current charges the capacitance C with a voltage given by 
0
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   (3.17) 
This can be formulated in discrete form as 
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Replacing (3.16) into (3.18) leads to: 
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When t is small, a differential equation can be proposed: 
   0 00 ( ) ( ) ( ) 2lim ( ) ( )3c c c e c ct
V t V t t V t V V t V V t V
t t dC
 
 
         (3.20) 
 
In (3.20), T=t can be taken as a new variable and can be interchanged with t. 
The solution of (3.20) was obtained using Mathematica ®: 
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It’s interesting to notice that the value of Vc(t) can also be calculated (perhaps in 
an easier way) by solving the finite difference equation (3.19) 
 
From Equation (3.21), it can be seen that Vc(t=0)=0 and Vc(t>0) increases until 
the breakdown voltage of the spark gap (Vbd) is reached, or until a stationary voltage is 
reached. The stationary voltage (if no breakdown occurs) is given by Vc= V-V0, this is in 
accordance with the fact that V> V0 in order to establish electrical coronas in the point-
to-plane arrangement.  
 
The current can be found using: 
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Equations (3.21) and (3.22) anticipate the dynamic of the parameters of the RG. 
However, due to the floating nature of the FE, neither of these parameters can be 
measured directly. An indirect way of testing the validity of these equations is by 
measuring the repetition frequency of the pulses on the load.  
From Equation (3.17):  
 
0
1( ) ( )
bdT
C bd bd cV t V I t dtC
  
                         (3.23)
  
 where: 
  Tbd is the time in which V2 reaches the spark gap’s breakdown voltage (Vbd) 
  
The value of Vbd depends on the distance between the electrodes of the spark gap 
d, and the pressure of the SF6 inside the spark gap psg. It can be calculated using [19]: 
    
 =0.65+8.85  (kV)bd sg sgV p d
 (3.24)
 
   
where: 
psg is in bar 
dsg is in mm 
 
If the discharge time is negligible compared to Tbd, the Pulse Repetition 
Frequency (PRF) can be calculated solving Equation (3.23). The final result is 
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         
 (3.25) 
 
Two experimental setups were used to test the validity of the derived 
equation(3.26). They are described in the following section. 
 
3.3.2 Experimental Setups 
During the development of this thesis two RG prototypes were developed. The 
first one was developed in collaboration with Mr Nicolas Mora, partial results of this 
work were published in [28]. Afterwards, Mora published a more complete and detailed 
work in his Master’s thesis [5].  
The second prototype was developed entirely by the author, taking into account 
the conclusions of the first work; this second prototype was conceived to be connected 
to a Half Impulse Radiating Antenna (IRA). 
 
3.3.2.1 Prototype 1 
The first experimental setup is just briefly discussed here, as it was presented in 
[28]. The schematic representation of the experimental setup leading to the development 
of this model is presented in Figure 3.11.  
The generator is composed of two pressurized chambers. The cylindrical walls of 
both chambers are fabricated in Ertacetal-H ® and the lids of the chambers are 
fabricated in Alumina.  
  The first chamber is called Corona Chamber (Mora [5] refers to this chamber as 
Corona Tube). One of the metallic lids of the Corona chamber is energized by a HV DC 
source, ranging up to 60 kV, and is attached to a needle. The other metallic lid of the 
chamber forms the floating electrode. The radius of the needle is approximately 200 
m. The distance between the tip of the needle and the plate is 40 mm. The pressure 
inside the Corona chamber can be adjusted by a vacuum pump in the range of 1 bar to 
100 mbar. 
The second chamber is a spark gap with one of its ends connected to a grounded 
load. The other end is connected to the floating electrode of the Corona chamber. The 
gas inside the spark gap is SF6. The pressure can be set up to 10 Bars. The electrodes 
are hemi-spherical and are fabricated using a Tungsten-Copper Alloy (70 % W, 30 % 
Cu). The diameter of the electrodes is 400 mm. The inter-electrode distance can be 
adjusted between 1 mm and 0.5 mm. The generator is connected to ground using a 200 
 non inductive resistor. Figure 3.12 shows a 3-D view (a) and a section view (b) of 
the generator, modeled in Solidworks ®  
The impulse current produced by the generator is measured using a system 
composed by: 
 A Bergoz ® Fast Current Transformer, with a transfer function of 4 V/A, 
and a bandwidth of 1 GHz 
 A Lecory ® Digital Oscilloscope, 10 GS/s 
 A Huber Suhner -20 dB broadband attenuator, connecting the FCT and the 
oscilloscope 
A photograph of the assembly can be seen in Figure 3.13. 
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Figure 3.11 Diagram of the experimental setup of PROTOTYPE 1. FCT is the measuring fast 
current transformer connected to the digital oscilloscope through a 50 W cable and a -20 dB broadband 
attenuator. Notice the independent pressure systems: one pressurizes the spark gap, the other one applies 
vacuum to the corona chamber.  
 
 
 
 
(a) (b) 
Figure 3.12 View of the PROTOTYPE 1 in 3-D (a), cut section of the generator (b), modeled in Solidworks ®
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Figure 3.13 Photograph of the constructed PROTOTYPE 1 of the RG. 
 
 
Figure 3.14 Current pulse measured at the load at maximum pressure on PROTOTYPE 1. The 
Peak current is 288 A, corresponding to a voltage of 56 kV at the load. The rise time is 750 ps. The spark 
gap distance is 750 m. This experimental setup is slightly different from the one in which the signals 
on Figure 3.14  were measured. 
 
Figure 3.14 presents a current pulse measured at the load. The pressure at the 
spark gap is 10 bars, the spark gap space is d ~ 650 m. Some mismatch between the 
load and the generator exists, producing a ringing on the measured signal.  The 
measured peak voltage (VbdM) and 10%-90% rise time (trM) are, respectively, 
 =57.6(kV)bdMV     (3.27) 
 750( )rMt ps     (3.28) 
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These values are close to the theoretical ones (VbdT , trT) proposed by Martin in 
[30]  
 
=58(kV)
1( )
bT
rT
V
t ns  (3.29) 
 
Figure 3.15 presents a signal measured for a pressure p= 5 bars and a gap space 
d= 650 m, the theoretical and measured values are, respectively, 
 
=29(kV)
1( )
bM
rM
V
t ns (3.30)
                                        
=30(kV)
1( )
bT
rT
V
t ns    (3.31) 
  
  
 
Figure 3.15 Current waveform measured in Prototype 1 of the RG, the pressure at the spark gap is 
p=5 bars 
 
The pulse repetition frequency was measured and compared with the theoretical 
values predicted by Equation (3.25).  Figure 3.16 shows the theoretical and measured 
PRF as a function of the voltage applied by the source. Three different pressures in the 
spark gap were considered: 2, 3 and 5 bars. The pressure in the corona chamber is 0.95 
bars. The polarity of corona is positive. 
As it can be seen in Figure 3.16, when the PRF is below 60 Hz, both the measured 
and theoretical PRFs coincide. However, at higher frequencies, large deviations appear, 
especially when the spark gap breaks at lower voltages and the pointy electrode is 
stressed with higher electric fields. Our model can’t give an explanation for the much 
faster growth of the PRF at higher voltages. One possible explanation can be that at 
these voltages we operate near the breakdown voltage of the point-to-plane arrangement 
and pre-breakdown streamers regime appears, increasing the mean value of Ic, and 
therefore boosting the PRF. 
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The PRF was measured for different pressures in the corona chamber (Pc) and 
constant breakdown voltage of the spark gap. Results are presented in Figure 3.17. 
Lowering the pressure in the corona chamber increases the mobility of ions and 
therefore the mean value of corona current increases. This is evident in Figure 3.17 
where it can be seen that the PRF almost doubles when Pc is cut by half, indicating an 
inverse-proportional relationship between these two quantities. This behavior can be 
seen in the following example, at Pc = 250 mbar and V=37 kV the PRF -more than 
200Hz-, was two times higher than the PRF -100 Hz-measured at Pc = 1 bar, V=43 kV. 
It can be mentioned that in the former case, after V=37 kV, the point-to-plate gap breaks 
down. 
 
Figure 3.16 Pulse repetition frequency as a function of the applied voltage. Notice that theoretical 
(solid lines) and measured (dashed lines) values coincide at low PRF.  
 
Figure 3.17 Pulse Repetition Frequency for different pressures at the Corona Chamber. Pressure in 
the spark gap is kept constant and equal to 2 bar.  
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From the previous results, the corona chamber seems as a dynamic resistance 
between the point and the plane, which can be controlled by pressure. It was observed 
that the resistance value of the dynamic resistance decreases with decrements in the 
pressure Pc. This fact improves the performance of the RG in terms of adding some 
control of the PRF for a constant VBD and V.  
The only drawback of this behavior is that the lower the values of Pc, the lower 
breakdown voltages obtained. The optimum point of operation is the one permitting the 
maximum PRF at lower V, (V> V0), understanding that the high voltage source can 
withstand the demand of power that this implies.  
 
3.3.2.2 Prototype 2 
The second prototype built during the development of this investigation was 
designed to be adapted to a Half Impulse Radiating Antenna. Prototype 2 uses some of 
the design principles of Prototype 1, trying to avoid its weak points. The main 
improvements over Prototype 1 are: 
 Use of a coaxial spark gap: this improves the matching between the charging 
and discharging sections of the generator [31].  
 Coaxial geometry: this permits a better connection to the load (antenna in this 
case). 
 Insulation of the body of the floating electrode: the point of the floating 
electrode is stressed with a high electric field; however the rest of the electrode, 
forming the capacitance with ground, is pressurized in SF6 at the same pressure 
of the spark gap. This prevents short circuits and discharges of the capacitance to 
the ground in form of corona. On the other hand the capacitance between the 
floating electrode and ground is fixed and can be easily calculated. 
 Use of Negative Corona: the breakdown voltage within the corona chamber is 
higher than in Prototype 1. Breakdown and pre-breakdown regimes appears at 
highest voltages. 
The pulse forming line used is the same device already described in chapter 2. The 
difference being that here, instead of using a charging resistor, we use a corona charging 
mechanism. This prototype is illustrated in Figure 3.18. 
The corona chamber is a plastic container, fabricated in Hertacetal-H ®. The 
chamber can be depressurized down to 100 mbar. The distance between the plate and 
the pointy electrode can be changed from 1 cm to 4.5 cm. The point is made of a sewing 
needle. The radius of the point was measured with a microscope, and is approximately 
400 m. Special attention was held in order to minimize breakdown between the point 
and the plane, preventing the change on the radius of the point.  
 
3.3.2.2.1 Measurement of the Output Pulse 
Because of its high amplitude and fast rise time, the measurement of signals 
produced by these kind of generators is a delicate task. One could connect an equivalent 
load at the output, measure the current using a FCT, and calculate the voltage, as it was 
done for Prototype 1. This technique requires the use of a coaxial load and a FCT (of a 
very special size) inserted around the load inside the coaxial structure. Another method 
consists of using a probe inserted into the coaxial structure, for example a D-dot or B-
Dot sensor. The author published a paper proposing such a method at the beginning of 
his doctoral work [32]. However, two major practical challenges made the use of these 
sensors problematic. The first one is the management of the sealing, O-rings and 
holding supports of the sensors. The second one is the determination of the transfer 
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function of the sensor: this requires the injection of a known signal into the coaxial and 
its detection by the probe, for a wide range of frequencies, while the generator is 
adapted to a matched load. 
 
Figure 3.18 Coaxial Pulse Forming Line charged by corona currents (top), and detail view of the 
corona chamber (bottom). Units are in millimeters. The point-to-plane distance can be adjusted by 
moving the sliding axe of the HV plate. 
A third technique of measurement, more straightforward to implement, was 
already summarized in Sections 1.4.1 – 1.4.2 and applied in Chapter 2.  The 
experimental setup is summarized in Figure 3.19. 
Figure 3.20 shows one of the signals measured with the experimental setup. The 
SF6 spark gap pressure was 6 bar. The air pressure in the corona chamber was 1 bar and 
the point-to-plane distance was 4 cm. As it can be seen, the peak amplitude of the 
measured output signal was 12 kV and its rise time is about 1 ns. At this pressure, the 
theoretical value for the breakdown voltage at the spark gap is 27 kV, resulting in a 
voltage out of the transmission line of 13.5 kV, which is 1.5 kV higher than measured. 
The difference between the theoretical and measured values can be due to a mismatch 
existing at the connection point between antenna and generator. 
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Figure 3.19 Experimental setup. The magnetic field produced by the impulse inside the 
transmission line is measured with a B-dot, the signal is transmitted by fiber optic to an oscilloscope 
inside a shielded room. See Sections 1.41 - 1.4.2 for details  
 
 
 
Figure 3.20 Normalized output voltage. The peak amplitude before reflection is 12 kV, the mean duration 
of the pulse is 3.5 ns and the rise time is 1 ns.  After the main pulse some reflections appears due to 
imperfections in the termination resistors. 
 
In conclusion, it can be said that this system permits the measuring of the effective 
voltage delivered to the antenna, and allows the overall evaluation of the system formed 
by generator and antenna. This is somehow simpler and more realistic than measuring 
the pulse on an equivalent dummy load, and then correlating the measurement with the 
actual load or antenna.  
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3.3.2.2.2 Radiated Signal  
Figure 3.21 presents an example of one of the signals radiated by the HIRA when 
connected to the RG. The signal was measured at 3 meters distance from the antenna’s 
focal point, using the experimental setup described in Figure 2.18. The pulse applied to 
the antenna is similar to the one described in Figure 3.20, i.e. 12 kV peak amplitude and 
1 ns rise time. The pressure at the spark gap was set at 6 bar and the distance between 
the point and the plate at the corona chamber is 4 cm. 
The characteristic prepulse, main pulse, plateau and negative pulse radiated by the 
HIRA connected to a PFL can be clearly seen in Figure 3.21. The peak amplitude of the 
radiated field is about 1 kV/m and the rise time is in the order of 700 ps. Notice that at 
the plateau part of the signal some reflections appear.  
We can analyze  the radiated signal using the theoretical model developed by 
Mikheev [33]. In order to do that, we’ll use a procedure of analysis, similar to the one 
presented in Section 2.4.2, as follows: 
A pulse signal is generated using the model proposed in equation 2.50: 
 ( ) ( )
2 0.55 0.55
p b a
d
d f
V t t t tV t Erfc Erfc V
t t
               
 (3.32) 
where the parameters of the pulse (pulse peak amplitude, pulse length, rise time 
and decay time) have been chosen to match the signal presented in Figure 3.20: 
Vp=12 kV 
ta - tb=3.5 ns 
td=1 ns 
tf=1.5 ns 
 
The pulse Vd(t) is introduced in equation 2.38 and the theoretical radiated signal is 
calculated. The result can be seen in Figure 3.22.  
It can be noticed that the calculated and measured signals are in close agreement, 
except at the final negative pulse, where a difference in amplitude is evident. 
 
 
Figure 3.21 Electric field radiated by the HIRA when connected to the corona charged pulser. The 
pressure at the spark gap is 6 bar, the point-to-plane distance at the corona chamber is 4 cm. 
CHAPTER 3. CORONA CHARGED IMPULSE GENERATOR 104 
 
 
 
 
Figure 3.22 Equivalent driving pulse (top) and calculated radiated electric field. As it can be seen the 
amplitude of prepulse, main pulse and plateau of the radiated signal coincide with the signal presented in 
Figure 3.21. However the negative pulse differs. 
 
3.3.2.2.3 Measurement of the Pulse Repetition Frequency 
The pulse repetition frequency (PRF) was measured using the same experimental 
setup described in Figure 3.19. A Lecroy 9362 oscilloscope was used. The time interval 
between pulses was measured using the multitriggering mode of this equipment. This 
mode permits the detection of short duration signals (nanosecond pulses) separated by 
time intervals of long duration (milliseconds dead time).  
Six different arrangements were considered: three point-to-plane distances (d=4, 
4.5 and 5 cm) and two spark gap break down voltages (Vbd =9 kV and 14 kV).  
It was observed that when Vbd = 9 kV, the measured PRF agrees well with the 
theoretical values predicted by Equation (3.25). However, for Vbd = 14 kV a large 
deviation appears between the measured and theoretical values.  
We hypothesize that the main cause for the observed differences is the omission in 
the model of the effect of the space charge around the needle. In what follows, we 
propose a revision of the model taking into account this effect. 
Figure 3.23 presents a diagram of the circuit model. As before the elements of the 
model are: 
V: voltage applied by the source 
C: capacitance of the PFL 
Vc(t):voltage of the PFL.  
d: point-to-plane distance 
Vbd: break-down voltage of the spark gap  
Ic(t): dynamic corona current between the point and the plate 
VonsetApparent: minimum voltage V at which a discharge across the spark gap is observed.  
Vonseteffective: minimum voltage that must be available between the point and the plane when 
C is fully charged (just before the spark gap breaks) 
   
 onseteffective onsetApparent bV V V   (3.33) 
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Figure 3.23 Circuit model of the PFL charged by corona currents 
 
The source is turned on at t=0. At this time the pointy electrode is at ground 
potential. The difference of potential between the point and the plate is Vd=V-
Vc(t=0)=V. This difference decreases as the voltage of the floating electrode (Vc) 
increases progressively as the corona current flows. At t=Tbd the PFL reaches the 
breakdown potential of the spark gap Vc =Vbd (Tbd is in the order of milliseconds). The 
difference of potential within the point-to-plane arrangement is Vd=V-Vc=V- Vbd. At this 
time breakdown occurs at the spark gap and the PFL is discharged into the load in a 
time Td of a few nanoseconds.  The space charge that has formed around the pointy 
electrode during Tbd persists, as it’s composed of slow ions that cannot react in the 
nanosecond range. A short time after, at t=Tbd  + Td, the point-to-plane arrangement is 
again stressed by a potential difference V, while the remaining space charge is present, 
easing the formation of new corona discharges at lower voltages and therefore 
increasing the PRF. A new cycle of charge occurs at a time t=Tbd - error. Figure 3.24 
illustrates the evolution of Vc and Vd.  
The resulting effect is equivalent to decreasing the effective onset voltage 
(V0effective). We can introduce a new term called net onset voltage (V0Net) depending on 
the onset effective voltage and the voltage of the source, the higher the applied voltage 
the bigger the amount of remaining charge and therefore the lower V0net: 
0 0 ( )net EffectiveV V f V  (3.34) 
where f(V) is a function that accounts for the decrease in the equivalent onset. 
Taking into account (3.34), Equation (3.15) becomes: 
 
   0 02 ( ) ( )3 ec c c NetI V V t V V t Vd
            (3.35) 
 
The equation for the voltage at the PFL remains unchanged  
 
0
1( ) ( )
t
c cV t I t dtC
   (3.36) 
The following variation is proposed for the function f(V)  
 20 1 2( )f V k k V k V    (3.37) 
where: 
k0,k1, k2 are experimental constants 
The system of equations becomes: 
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As V0Net is assumed to be time-independent, the solution of (3.38) can be derived 
from (3.22): 
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Therefore Ic(t) is given by 
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The expression for PRF can be derived from (3.25) 
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 (3.42) 
 
Figure 3.24 Variation of the voltage at the floating electrode. The potential at the inter-electrode 
space varies at the floating electrode gets charged. The scales are arbitrary and are with illustrative 
purposes.  
 
The experimental constants (k0, k1, k2) were calculated, a posteriori, using a 
procedure that minimizes the square mean error (RMS) between the measured PRF and 
the theoretical model predicted by Equation (3.42).  
 
2
1
1_ ( ) ( )
N
Exp Theo
i
RMS Error PRF i PRF i
N 
     (3.43) 
where: 
PRFExp is the measured data 
PRFTheo is the theoretical data, Equation (3.42) 
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N is the number of data taken on each experiment (the length of the vector PRFx) 
 
The six experimental configurations are summarized in Table 3-1. The Figure 
3.25 to Figure 3.27 show the results for the case where Vbd=9 kV (Setups 1-3). In these 
cases the experimental constants are all set to zero: k1=k2=k3=0. As it can be seen, the 
results of Equation (3.25) and the measurements agree quite well over a considerably 
large range of voltages, for three different distances of separation between the point and 
the plate.  
For the case when Vbd=14 kV, the results are shown in Figure 3.28 - Figure 3.30 
(Setups 4-6).  It can be seen that the measured PRF and the theoretical PRF, obtained by 
Equation (3.25), diverge as V increases. This effect is more evident when the point and 
plate are closer, almost disappearing when d=5 cm. Also, it can be seen how the 
theoretical model proposed by equation (3.42) agrees with the measurements. In the 
bottom of each figure, a plot of Voeff  vs V is included. 
 
Table 3-1 Parameters of the experimental setups. The PRF was measured for three different inter-
electrode distances and two breakdown voltages of the spark gap. 
 Reference 
 Setup 1 Setup 2 Setup 3 Setup 4 Setup 5 Setup 6 
Parameter       
d (cm) 4 4.5 5 4 4.5 5 
p (bar) 2 2 2 3 3 3 
Vbd (kV) 9 9 9 13 14 14 
Apparent Vonset 
(kV) 
22 28 33 29.8 34 37 
Range of V (kV) 23 – 40 29-41 34-49 31-42 36-47 39-49 
pc(bar) 1 1 1 1 1 1 
k1 0 0 0 0.096 0.202 0.02 
k2 0 0 0 -5.6E-6 -6.6e-6 0 
k3 0 0 0 383 -1 15 
Results in Figure 
3.25 
Figure 
3.26 
Figure 
3.27 
Figure 
3.28 
Figure 
3.29 
Figure 
3.30 
 
 
Figure 3.25 Measured PRF vs Theoretical PRF, Setup 1. Vbd = 9 kV, d= 4 cm. The maximum PRF 
is about 800 Hz. This is the case where Equation (3.25)’s predictions agree the best with the 
measurements. 
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Figure 3.26 Measured PRF vs Theoretical PRF, Setup 2. Vb = 9 kV, d= 4.5 cm. The maximum 
PRF is about 500 Hz. Breakdown between the point and the plane occurred at 42 kV. 
 
Figure 3.27 Measured PRF vs Theoretical PRF, Setup 3. Vb = 9 kV, d= 5 cm. The maximum PRF 
is about 700 Hz.  
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Figure 3.28 Measured PRF vs Theoretical PRF (top). Effective onset voltage, (bottom).  Setup 4. 
Vb = 14 kV, d= 4 cm. Notice the non-linear decreasing of Von Net with the applied voltage. In this case, the 
disagreement is highest between the predictionsof (3.25) and the measurements. 
 
 
Figure 3.29 Measured PRF vs Theoretical PRF (top). Effective onset voltage, (bottom) Setup 5. Vb 
= 14 kV, d= 4.5 cm. Notice the non-linear decreasing of Von Net with the applied voltage 
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Figure 3.30 Measured PRF vs Theoretical PRF (top). Effective onset voltage, (bottom). Setup 6. Vb 
= 14 kV, d= 5 cm. In this case, the predictions of both equations (1.25) and (1.43) are in good agreement 
with the measured data, even though the results of (1.43) agree better with the data. 
 
3.4 Discussion  
3.4.1 Pulse repetition frequency vs. Applied voltage 
The measured results for the pulse repetition frequencies associated with the six 
experiments are summarized in Figure 3.31. The optimal use of this generator, for a 
constant breakdown voltage, corresponds to a maximum PRF with a minimum applied 
voltage. In order to achieve this, the net onset voltage must be reduced and this is only 
possible either by reducing the pressure in the corona chamber or by reducing the point-
to-plane distance.  
The option of controlling the pressure in the corona chamber was considered 
during the present work, indeed this is one of the criteria for the design of the chamber. 
However the experiments were performed at ambient pressure, in order to limit the 
number of variables of the experiment. 
The second option can be seen clearly in the Figure 3.31.  In both cases the 
maximum pulse repetition frequency, at minimum applied voltage is obtained when the 
point-to-plane distance is 4 cm.  However, this distance can’t be further reduced without 
producing an arc between the point and the plate. 
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Figure 3.31 Pulse repetition frequency for the six setups Vs applied voltage. 
3.4.2 Dynamic Resistance. 
When analyzing the results obtained in the previous section, both the corona 
charging mechanism and the resistive charging mechanism could be compared. The 
Corona resistance Rc can be defined, in a straightforward way, as the ratio between the 
point-to-plane effective potential difference (V-Vc(t)-V0Net) and the corona current Ic(t), 
see Figure 3.32 for clarity.  
V
VoNet Rc(t)
Vc(t)
Ic(t)
Corona chamber
 
Figure 3.32 Equivalent circuit. V is the applied voltage, V0Net is the Net onset voltage, Vc(t) is the 
voltage across the capacitor Ic(t) is the corona current. The corona dynamic resistance is Rc(t).  
 
Rc depends on the applied voltage V, time t, geometry d, and the breakdown 
voltage Vbd. For a given value of d and Vbd, it can be said that: 
 0
,
( )( , )
( )BD
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c V d
c
V V t VR t V
I t
   (3.44) 
 
Replacing equations (3.40) and (3.41) into (3.44), yields 
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The calculated values of V-Vc(t)-V0Net and Ic(t), for the first configuration (Vbd=9 
kV, d=4cm), are shown in  Figure 3.33, for the values of the applied voltage V indicated 
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in the figure. As it can be seen, the time during which the discharge occurs is shorter for 
higher values of V.  
 
Figure 3.33 (a) Effective voltage available in the corona chamber, (b) calculated corona current. Vbd= 
9kV, d=4 cm.  The applied voltage is indicated in the legend. Notice that the initial peak of the current 
extracted out from the source is within the range of micro Amps. The time of each discharge corresponds 
to the inverse of the PRF, that’s why it’s shorter as the applied voltage increases. 
 
 The value of Rc(V,t) as a function of time and V was calculated for the six 
configurations presented in Table 3-1. The results are presented in Figure 3.34. The 
values of V used are specified in each case.  
 
 
Figure 3.34 Dynamic resistance vs time for the six experimental setups. (a) Vbd= 9 kV, d=4 cm, (b) Vbd = 
9 kV, d=4.5 cm, (c) Vbd = 9 kV, d=5 cm, (d) Vbd = 14 kV, d=4 cm, (e) Vbd = 14 kV, d=4.5 cm, (f) Vbd = 14 
kV, d=5 cm. The applied voltage V is indicated in the respective legend. Notice that the minimum value 
of the dynamic resistance is dependent on the inverse of the applied voltage. 
 
It can be seen that the value of the dynamic resistance Rc(t) increases with time. 
This is somewhat counterintuitive for those who have studied spark gap discharges, for 
which the dynamic resistance decreases with time. This behavior, however, can be 
explained considering that Vc(t) is proportional to the integral of Ic(t), therefore Vc(t)  
increases with time; the point-to-plane voltage decreases linearly with Vc(t) but Ic(t) 
decreases more rapidly, as its dependence on Vc(t) is quadratic-like. Hence, the net 
effect is that Rc(t) increases with time. 
It’s interesting to notice that Rc(t) is bounded between two limits: 
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As it can be seen, these limits depend only on the inter-electrode distance, the 
applied voltage, the onset voltage and the pressure of the chamber (through the ion 
mobility e).  
The minimum value of Rc(t) is almost constant for all the cases, and its value is 
between 240-260 M. This is due to the fact that the maximum applied voltage cannot 
be increased without increasing d, in order to avoid breakdown. Therefore, the only way 
to decrease the overall value of Rc(t) is to increase e by depressurizing the corona 
chamber, as it was demonstrated with the first prototype. This was not implemented for 
this case, even if the setup permits to apply vacuum in the corona chamber. 
 
 
3.5 Conclusions  
 A prototype of a RG consisting of a coaxial PFL charged by corona currents was 
designed, built and tested. The rise time of the generator is less than one 
nanosecond. The maximum breakdown voltage tested was 30 kV, over a load of 100 
Ohms. 
 It was demonstrated that the RG can be used as a fast voltage pulse source to excite 
an impulse radiating antenna (HIRA).  
 An enhanced circuit model of the RG was proposed, taking into account the effect 
of the residual space charge. The model was used for calculating the PRF of the 
generator and its results agree well with the measurements. The model can be 
generalized to study the charging mechanism of metallic floating bodies charged by 
corona currents. 
 The value of the dynamic resistance of the corona channel was computed using the 
circuit model of the generator. This parameter is important when evaluating the load 
that the RG represents to the high voltage source. 
 The biggest limitation of the circuit model of the generator is related to the 
calculation of the onset voltage. During the experiments this value was measured, 
however we have, at present, neither a theoretical nor a numerical tool for 
calculating a priori this parameter. 
 
  
CHAPTER 3. CORONA CHARGED IMPULSE GENERATOR 114 
 
 
 
 
3.6 References 
 
[1] F. Roman, "Effects of Electric Field Impulses Produced by Electrically Floating 
Electrodes on the Corona Space Charge Generation and on the Breakdown 
Voltage of Complex Gaps. Comprehensive Summaries of Uppsala Dissertations  
ACTA UNIVERSITATIS UPSALIENSIS," Faculty of Science and Technology, 
Uppsala, Upsala, 1996. 
[2] F. Roman, et al., "Radiating broad-band pulse generator with corona charging 
mechanism," in EUROEM 2008, Lausanne, Switzerland, 2008. 
[3] O. Diaz., "Design and construction of a fast impulse current generator based on 
the floating electrode principle," Master of Science final work, Electrical 
Engineering, National University, Bogota, Colombia, 2005. 
[4] D. Muñoz. and A. Velazquez, "Diseño y construccion de un generador de pulsos 
de coriente con electrodos flotantes," Bachelor final project, Electrical 
Engineering, National University, Bogota, Colombia, 1999. 
[5] N. Mora, "Electrical model of the roman generator," M. Sc. Thesis, Electrical 
Engineering, National University, Bogota, Colombia, 2009. 
[6] N. Mora, et al., "Corona Charged Subnanosecond Impulse Generator," in 
Electromagnetic Compatibility, 2009 20th International Zurich Symposium on, 
2009, pp. 17-20. 
[7] F. Vega, et al., "A Design of a Mesoband High Power Electromagnetic Radiator 
Using a Switched Oscillator and a Corona Current Generator," in 2008 URSI 
General Assembly, Chicago, USA, 2008. 
[8] F. W. Peek, Dielectric Phenomena in High Voltage Engineering: McGraw-Hill, 
1929. 
[9] M. G. Danikas, "The definitions used for partial discharge phenomena," 
Electrical Insulation, IEEE Transactions on vol. 28, p. 7, 1983. 
[10] L. Loeb, Electrical coronas, their basic physical mechanisms. Berkeley, USA: 
University of California Press, 1965. 
[11] R. S. Sigmond, in Electrical breakdown of gases, J. M. Meek and J. D. Craggs, 
Eds., ed New York: Wiley, 1978. 
[12] R. S. Sigmond, "Simple approximate treatment of unipolar space-charge-
dominated coronas: The Warburg law and the saturation current," Journal of 
Applied Physics vol. 53, 1982. 
[13] E. Nasser, Fundamentals of gaseous ionization and plasma electronics. New 
Yotk: Wiley-Interscience, 1971. 
[14] M. R. Madani and T. A. Miller, "Current Density Distribution Measurement of 
Negative Point-to-Plane Corona Discharge," IEEE TRANSACTIONS ON 
INSTRUMENTATION AND MEASUREMENT, vol. 47, pp. 907-913, 1998. 
[15] T. M. P. Briels, et al., "Time Resolved Measurements of Streamer Inception in 
Air," IEEE TRANSACTIONS ON PLASMA SCIENCE, vol. 36, pp. 908-909, 
2008. 
[16] R. J. V. Brunt, "Physics and Chemistry of Partial Discharge and Corona - Recent 
Advances and Future Challenges," Dielectrics and Electrical Insulation, IEEE 
Transactions on vol. 1, pp. 761-784, 1994. 
[17] T. Lu, et al., "Analysis of Corona Onset Electric Field Considering the Effect of 
Space Charges," presented at the Electromagnetic Field Computation (CEFC), 
2010 14th Biennial IEEE Conference on Chicago, USA, 2010. 
CHAPTER 3. CORONA CHARGED IMPULSE GENERATOR 115 
 
 
 
[18] W.-G. Min, et al., "An investigation of FEM-FCT method for streamer corona 
simulation," Magnetics, IEEE Transactions on vol. 36, pp. 1280-1284, 
2000. 
[19] E. Kupfel and W. S. Zaengl, High Voltage Engineering vol. 2, 2000. 
[20] L. B. Loeb, Fundamental processes of electrical discharge in gases. New York: 
John Wiley, 1939. 
[21] A. G. M. Goldman, and R. S. Sigmond, "The corona discharge, its properties 
and specific uses," Pure & Applied Chemestry, vol. 57, p. 1353—1362, 1985. 
[22] P. Nikolopoulos, Electrotech Z. A., vol. 87, 1996. 
[23] R. Coelho and J. Debeau, "Properties of the tip-plane configuration," Journal of 
Physics D: Applied Physics, vol. 4, p. 15, 1971. 
[24] W. L. Lama and C. F. Gallo, "Systematic study of electrical characteristics of 
trichel current pulses from negative needle-to-plane coronas," Journal of 
Applied Physics, vol. 45, pp. 103-113, 1974. 
[25] N. G. Trinh, "Partial discharge XIX: discharge in air part I: physical 
mechanisms," Electrical Insulation Magazine, IEEE, vol. 11, pp. 23-29, 1995. 
[26] T. N. Giao and J. B. Jordan, "Trichel Streamers and Their Transition into the 
Pulseless Glow Discharge," Journal of Applied Physics, vol. 41, pp. 3991-3999, 
1970. 
[27] G. W. Trichel, "The Mechanism of the Negative Point to Plane Corona Near 
Onset," Physical Review, pp. 1078–1084 1938. 
[28] F. Vega, et al., "Design and construction of a corona charged high power 
impulse generator," in Pulsed Power Conference, 2009. PPC '09. IEEE, 2009, 
pp. 1261-1265. 
[29] J. E. Jones, et al., ""Dimensional analysis of corona discharges: the small current 
regime for rod-plane geometry in air," J. Phys. D, vol. 23, 1990. 
[30] J. C. Martin, "Duration of the resistive phase and inductance of spark channels," 
Switching Notes, vol. 9, p. 8, 1965. 
[31] W. C. Nunally and A. L. Donaldson, "Self breakdown gaps," in Gas discharge 
closing switches, G. Schaefer, Ed., ed New york: Plenum press, 1990. 
[32] F. Vega, "Study of a Sensor for measurements of high Amplitude – Fast Rise 
Time Currents in a Coaxial Cable," in International Symposium on High Voltage 
(ISH), Ljbljana, Slovenia, 2007. 
[33] O. V. Mikheev, et al., "New method for calculating pulse radiation from an 
antenna with a reflector," IEEE, Transactions on electromagnetic compatibility, 
vol. 39, pp. 48-54, 1997. 
 
 
  
116 
 
 
 
 
 
 
 
CHAPTER 4 
4. CONCLUSIONS 
  
CHAPTER 4. CONCLUSIONS 117 
 
 
 
A Pulse Radiating System based on a Half Impulse Radiating Antenna and a pulser 
charged by corona currents was designed, built and characterized. This chapter summarizes 
the conclusions of the project. 
4.1. Conclusions Regarding the Pulse Forming Line 
 
A pulser, consisting of a Pulse Forming Line (PFL) pressurized in SF6, was designed 
and characterized independently of the corona charging mechanism, by using a high 
impedance resistor.  
 
The electrodes of the spark gap were fabricated in Copper-Tungsten alloy and were 
designed using a Rogowski profile. It was found that the erosion of the electrodes’ surface 
after utilization was practically uniform, indicating that the discharges were uniformly 
distributed along the surface of the electrodes, as anticipated by the theory. 
  
The peak amplitude and rise time of the pulses vs. the pressure of SF6 was determined.  
At 10 bars of SF6, the measured peak amplitude and rise time of the pulse were 21 kV and 
650 ps, respectively.  
 
The pulse repetition frequency of a resistively charged pulser was measured vs. applied 
DC voltage. A study on the efficiency of the pulser, when regarded as an energy source, was 
presented. A theoretical expression relating the energetic efficiency of the pulses vs. the peak 
amplitude of the pulse was derived.  An optimal point of operation of a pulsed generator, 
considered as a source of energy was established. 
 
The peak amplitude of the pulses was 10% lower than expected and some ringing was 
noticeable on the pulse waveform. This is essentially due to impedance mismatch of the 
generator at the output. 
 
The performance of the realized pneumatic system (seals, valves, hoses, gauges, 
regulators) is very satisfactory. No leaks were detected in the system up to a pressure of 20 
bars (in air). 
 
The maximum voltage produced by the high voltage source is 50 kV. However, the PFL 
can work at higher charging voltages. The SF6 pressure can be increased up to 15 bars, 
producing pulses of higher amplitude and, possibly, lower rise time. 
4.2. Conclusions Regarding the Half Impulse Radiating Antenna 
 
A half impulse radiating antenna (HIRA) was designed, built and tested. Measurements 
in near and far range were performed, characterizing the radiated electromagnetic field. 
 
The measured HIRA’s Vfar value is 27 kV. The radiated electric field rise time is about 
400 ps in the far range.  
 
The analysis of the spectrum shows that the antenna can be classified as a Sub-
Hyperband radiator. 
 
Good agreement between measurements and theoretical model was found in the near 
range. 
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As the distance between the observation point and the antenna increases, some deviation 
appears between the measurements and the theoretical model. It was observed that the axis of 
maximum radiation of the antenna is tilted vertically with respect to the parabolas’ central 
axis. As the horizontal distance increases, the uncertainty on the location of the spot of 
maximum intensity increases as well. We hypothesize that the observed differences are due to 
the fact that the sensor was not placed exactly on the spot of maximum radiation.  
 
The operation of a HIRA connected to a DC-charged PFL was presented and discussed.  
The main advantages of this topology are the simplicity of construction and cost, when 
compared to more classical capacitor-based pulsers. The main limitation, on the other hand, is 
the appearance of a notch frequency in the spectrum, corresponding to the inverse of the pulse 
FWHM time. This frequency can be increased by shortening the physical length of the 
charging line. In theory, the deepness of the notch could also be reduced by making the decay 
time of the driving pulse much longer than the rise time. 
 
The discontinuity at the connection point between the generator and the antenna can be 
corrected by the use of a dielectric lens. A dielectric lens for a HIRA fed by a coaxial pulser 
was simulated and characterized in frequency and time domains. As a result, the frequency 
band of operation, the transfer function and the effectiveness of the lens in producing a 
spherical waveform were determined. Due to budget restrictions the lens couldn’t be 
constructed. 
4.3. Conclusions Regarding the Corona Charging Mechanism 
 
A prototype of a Roman Generator (RG) consisting of a coaxial PFL charged by corona 
currents was designed, built and tested. The rise time of the generator is less than one 
nanosecond. The maximum breakdown voltage tested was 30 kV, over a load of 100 Ohms. 
 
It was demonstrated that the RG can be used as a fast voltage pulse source to excite an 
impulse radiating antenna (HIRA).  
 
An enhanced circuit model of the RG was proposed, taking into account the effect of the 
residual space charge. The model was used for evaluating the PRF of the generator and its 
results agree well with the measurements. The model can be generalized to study the charging 
mechanism of metallic floating bodies charged by corona currents. 
 
The value of the dynamic resistance of the corona channel was computed using the 
circuit model of the generator. This parameter is important when evaluating the load that the 
RG represents to the high voltage source. 
 
The biggest limitation of the circuit model of the generator is related to the calculation 
of the onset voltage. During the experiments this value was measured, however we have at 
present neither a theoretical nor a numerical tool for calculating a priori this parameter. 
  
